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ABSTRACT
Alluvial channel geometry has been studied quantitatively for over one
hundred years and it is n o w recognised to be a multi-variable problem.
However, as yet there is no widespread agreement on what variables are
the most important, nor is there agreement on the relationships between
variables or on the form of general model. This study tests the
applicability to both stable canals and natural alluvial channels of an
experimental flume relationship between channel shape and boundary
shear distribution. It establishes a multivariate model of downstream
hydraulic geometry, showing clearly that channel geometry is generally
controlled by four factors: flow discharge, channel roughness, slope and
bank strength.
This study makes five important contributions. Firstly, it presents a
physical explanation for each of the major factors controlling channel
geometry. Secondly, because it has been developed from a wide range of
field observations accumulated over m a n y years and studied in
combination here, it provides a high level of prediction of channel form.
Thirdly, it presents a partially quantitative description of the influence of
bank strength on channel form. Vegetated and highly cohesive banks
result in narrower and deeper sections while the non-vegetated and noncohesive sandy banks produce wider and shallower sections. Fourthly, it
demonstrates the role that sediment transport plays in influencing channel
form, finding that velocity and slope are highly dependent on sediment
concentration while channel cross-section is slightly dependent. A n
increase in bed-material load causes marked increase in width only when
the adjustment of channel slope is severely restrained. Finally, this study
finds that regime theory, threshold channel condition, channel shape
relations and bivariate hydraulic geometry models provide appropriate
explanation only for specific conditions and do not provide a general
explanation or predictive model for channel geometry.
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CHAPTER 1
INTRODUCTION

1.1 THE SCOPE OF THIS THESIS
River channels are conduits for varying amounts of water discharge,
and sediment, and solute load, and as such have fascinated scientists and
engineers with their self-forming geometry and their response to changes
both natural and h u m a n induced. Although channel geometry has been the
subject of detailed investigation for more than one hundred years,
important questions remain unanswered. D o universally applicable
hydraulic geometry relations really exist? W h y is it that the influence of
sediment transport on channel geometry has been observed to be
significant only in certain circumstances? W h y is it that the self-forming
geometry and gradient of alluvial channels usually show a consistent
pattern of variation in stable canals but not in most natural rivers? Is it
possible to provide an accurate prediction of the response of alluvial
channels to natural and h u m a n induced changes? The objective of this
study is to attempt to provide physically based answers to these types of
questions.
Regime theory was established by civil engineers to describe the
behaviour of stable canals whereas hydraulic geometry models were
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developed by hydro-geomorphologists to describe the morphology and
behaviour of natural rivers. Together, this work embraces the full range
of channel adjustment with the exception of changes in planform. T o date,
these studies have been based largely in India, North America and Europe
in environments mostly very different from those in Australia. O n e of the
objectives of this study is to examine the applicability of hydraulic
geometry models to selected Australian rivers and by doing so, to gain a
clearer perspective of limitations and problems associated with previous
studies. However, by understanding of the physical mechanisms
controlling channel geometry, the primary objective is to develop a
physically based model in terms of a relationship between channel shape
and boundary shear distribution. Using numerous field observations,
mostly from natural rivers, it will be demonstrated that downstream
hydraulic geometry relations can be expressed generally as a function of
four factors: flow discharge, channel slope, channel roughness and bank
strength. Only in circumstances where the effects of channel slope,
channel roughness and bank strength can be ignored, or regarded as
constant as is usually the case for canals, are these downstream relations
consistent with the more simplistic regime theory.
Bank conditions (sediment composition and vegetation) for rivers
located in Australia, Europe and North America have been interpreted
here so as to develop a multivariate model that defines quantitatively the
influence of bank strength on river channel geometry, information useful
for river channel management.
B y incorporating some commonly used sediment transport formulas,
this multivariate model becomes a more general form of the channel
geometry relations for straight alluvial channels and as such presents a
quantitative assessment of the role of sediment transport in shaping
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channel geometry and an explanation for the large variations commonl
observed in slope-discharge relationships. Furthermore, the model
provides a physical explanation for regime theory and threshold channel
conditions. It identifies the factors controlling channel shape and
recognises problems in commonly applied bivariate models.
In summary, the guiding principle of this work has been to develop a
widely applicable channel geometry model and then to examine the
applicability of this model to a wide range of environments.

1.2 THE OUTLINE OF THIS THESIS
This thesis can be broadly divided into four main sections, each
section consisting of one or more chapters.
The first section identifies the problem of multivariate channel
geometry and consists of Chapters 2 and 3, the former presenting a
comprehensive review and analysis of scientific literature regarding the
channel geometry of straight alluvial canals and natural rivers. The latter,
using some Australian rivers as examples, identifies the problems
associated with previous studies.
The second section consists of Chapter 4, the core of this study, and
is devoted to the development of a general downstream hydraulic
geometry model.
The third section extends and diversifies application of the basic
model and consists of four chapters. Chapter 5 quantifies the influence of
bank strength (sediment composition and vegetation) on channel
geometry. A more general form of channel geometry relations is
established in Chapter 6 and as a result, the role of sediment transport in
shaping channel geometry is illustrated quantitatively and analysed, as is
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the large range of variation commonly observed in slope-discharge
relations. Chapter 7 provides a physical explanation for regime theory
and the development of a threshold channel, and also analyses the controls
of channel shape and assesses the applicability of the commonly applied
bivariate models. In the last chapter, a summary of the results obtained in
this study is presented and further avenues for research are suggested.

Analysis: Part One

Chapter Two: Literature Review

ANALYSIS: PART ONE
IDENTIFYING THE PROBLEM

CHAPTER 2
REVIEW AND ANALYSIS OF PREVIOUS
STUDIES

2.1 INTRODUCTION
Regime theory and hydraulic geometry are two of the most
important models proposed over the past century in the related disciplines
of river engineering and fluvial geomorphology. A determining role has
been played by these models since their establishment and all the other
studies of river channel geometry can be regarded as only an amending
or complementing of them. A s a consequence, this chapter presents a
detailed description of the development of the two models and
summarises other relevant studies.

5

Analysis: Part One

Chapter Two: Literature Review

6

2.2 REGIME THEORY AND HYDRAULIC GEOMETRY
RELATIONS
2.2.1 REGIME THEORY
Regime theory, by its very development, has been well utilised as a
methodology for the planning and design of irrigation canals, but most
importantly, it represented a dramatic shift in the study of river channel
geometry from general qualitative description to quantitative analysis. It
presented, for the first time, a quantitative solution to the self-formed
geometry of alluvial channels which, although long recognised, had been
illustrated only in qualitative terms, such as in the perceptive statement
m a d e by D u Buat in 1786 (Chorley, et al, 1964):
Everything in nature is subjected to the law of equilibrium;
this law is the universal moderator of movement. It occurs
in the determination of the speed of a river, in the
establishment of its bed and the cross-section of its channel,
and of the angle in which it departs from a straight line in
forming a bed. If equilibrium is broken, the river strives
to re-assert it.
Regime theory describing the behaviour of alluvial channels was
fathered by Kennedy (1895) and Lindley (1919) in their development of a
method for irrigation canal design in the north Indian plains. In 1919,
Lindley defined the concept of regime as follows:
When an artificial channel is used to convey silty water,
both bed and banks scour or fill, changing depth, gradient

Analysis: Part One
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and width until a state of balance is attained, at which the
channel is said to be 'in regime'.
It was not, however, until the nineteen twenties when Lacey (19291930, 1933-1934, 1946, 1958) finally formulated a complete regime
theory. However, Lacey's theory has been subjected to considerable
modification as m a n y more observations were added, with two other
widely accepted regime theories developed: that of Blench (1952, 1957)
and that of Simons and Albertson (1960). All three regime theories have
formed a solid empirical foundation for a mature knowledge of channel
behaviour, and their details are described below.

2.2.1.A Lacey's regime theory
Lacey's regime theory consists of the following empirical relations:

P = 2.67<21/2 (2-1)
(2-2)

/_ = 0.47
f 5/3

S=

J
1/6
1/6

(2-3)

1788 <2

where P, R, S, and Q are channel wetted perimeter, hydraulic radius,
slope, and steady flow discharge, respectively. / is called Lacey's silt
factor and was suggested to have a relationship with bed material size d
as:

f = \.59d112 (2-4)
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These four equations are in English units and provide the dimensions o
stable canal for a given discharge and sediment size.
Lacey's regime theory has received wide recognition and, as a result,
it has been officially accepted for design of irrigation canals mostly in
India (Inglis, 1948; Chitale, 1966). Recently, Stevens and Nordin (1987)
revisited those canals constructed at the beginning of this century
according to Lacey's theory, or some variant of it, and they did not find
anything to significantly detract from the geomorphic values of Lacey's
regime formulation, although they did identify some limitations to
Lacey's silt factor /.
Parallel with the development of the regime formulations by the
engineers in India, similar results had been obtained in Egypt as
illustrated by Leliavsky (1955). While these regime formulations have
achieved great success in the design of stable canals in India and Egypt,
investigators w h o have compared these observations with those obtained
elsewhere have identified some conflicting results. For example, Lane
(1935) compared regime relations (including those of Lacey) and
identified considerable variability between width-depth ratio and velocity

relations. A s a result, Lane (1935) concluded that it was clear that if the

factors controlling this variation could not be determined it would not b
safe to adopt any of the relations given by existing formulas for the
design of the sections of the Ail-American Canal.
S o m e staunch supporters of Lacey's regime theory, such as Inglis
(1948, 1967), Blench (1952, 1957, 1969, 1970), Inglis and Allen (1957),
and Chitale (1966, 1976, 1977, 1995, 1996), defended it by finding that
the divergence between actual dimensions of stable canals and those
predicted by Lacey formulas results from Lacey's problematic silt factor
[Eq. (2-4)]. A s a result, studies have turned to developing other
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parameters to replace Lacey's silt factor, and regime theory was enh
by the development of regime theories by Blench (1952, 1957) and
Simons and Albertson (1960) where greater emphasis was given to
channel bank and bed sediment characteristics.

2.2.1.B Blench's regime theory
Following the establishment of Lacey's theory and with many more
observations having been obtained from Indo-Gangetic canals in regime,
Blench (1952, 1957) found it necessary to modify Lacey's regime theory
into:

w=

w
u
U '"

D =i

c.

(2-5)

(2-6)

(Fbf6(Fsf/12V1/4
3.63(1 + C/2330) gQ1/6

where W, D, v, and C are channel average width, central depth, flow
kinematic viscosity, and sediment concentration. Fy and Fs are called the
bed-factor and bank-factor and are defined as:

Fb=l.9dll2 (2-8)
Fs = 0.1 for slightly cohesive banks
= 0.2

for medium cohesive banks

= 0.3

for highly cohesive banks

(2-9)
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By introducing a bank-factor, Blench's regime theory emphasised the
influence of bank cohesiveness on channel geometry. Besides this,
Blench's theory included the influence of sediment transport on channel
slope [Eq. (2-7)]. However, this influence came from the use of a flow
resistance formula for smooth rigid-boundary pipes, and for canals
Blench (1957) found that the whole term of (l + C/2330) is unlikely to
differ appreciably from 1.0 except in canals with abnormal loads. W h e n
relating the flow resistance formula to the Manning's equation, Blench
(1957) derived the following relationship:

K,)1/2
.^(l + C/2330) 2

Hence, the addition of sediment concentration to regime theory by Ble
(1952, 1957) accounts for the influence of the Manning's coefficient n on
regime channel dimensions. Although Blench undertook valuable studies
analysing the influence of sediment transport on channel geometry, his
regime theory has limited application because the sediment transport data
analysed by him were mostly small amounts of bed-load and channel bed
forms were mostly sand dunes.

2.2.1.C Regime theory of Simons and Albertson (1960)
When field observations from stable canals in both the United States
and India were analysed in combination, Simons and Albertson (1960)
identified the existence of regime relations closest to those proposed by
Lacey only when canals were classified into five types: (1) sand bed and
banks, (2) sand bed and cohesive banks, (3) cohesive bed and banks, (4)
coarse non cohesive material, and (5) sand bed and cohesive banks with
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heavy sediment loads, 2000-8000ppm. The basic regime relations of
Simons and Albertson (1960) are:
P = K{Q0-5 (2-11)
R = K2Q036 (2-12)
V = K3(R2Syl (2-13)
V2

gDS

fin?A031

= K4

vw

(2-14)

V V J

where coefficients and exponents were assigned as:

Coefficient

Ki
K2
K3
K4
m

1
3.5
0.52
13.9
0.33
0.33

Channel type
2
3
2.6
0.44
16.0
0.54
0.33

2.2
0.37
—

0.87
~

4

5

1.75
0.23
17.9

1.7
0.34
16.0

~

~

0.29

0.29

The results of Simons and Albertson (1960) suggested that not only
bank cohesiveness, as considered by Blench, but also bed cohesiveness and
sediment transport play an important role in controlling channel
geometry. Type 2 and 5 channels have the same sediment composition
(sand bed and cohesive banks) but differ in the concentration of sediment
being transported (mostly less than 500ppm for Type 2 channels but
2000-8000ppm for Type 5 channels). It is apparent from the coefficients
given above that channels loaded with high concentrations of sediment
become narrower (1.7:2.6) and shallower (0.34:0.44).
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2.2.1.D Brief summary
In general, regime theories have enhanced the study of river channel
morphology from two points of view. Firstly, they have shown very
convincingly that volume of flow is the major variable controlling
alluvial channel geometry. Although investigations have been conducted
in m a n y parts of the world, the following power function relations with
remarkably consistent exponents have been widely accepted:

W = K1Ql/2 (2-15)
D = K2Qll3

(2-16)

V = K3QV6

(2-17)

S = K4Q~1/6

(2-18)

These simple exponents were adopted by some scientists, particularly
by Lacey (1929-1930, 1933-1934, 1946, 1958) and his supporters, w h o
determined them using the simple methods available to them prior to the
development of statistics. Therefore, they are purely empirical and
whether they are the real values in nature is still questionable.
Secondly, the coefficients K\, K2, K3 and K4 are related closely to
channel boundary sediment composition and to the extent of sediment
transport. However, their values need to be determined according to
regional conditions, as was done by Blench (1952, 1957) and Simons and
Albertson (1960), casting doubt on the applicability of those regime
theories to areas different from where they were developed.
Because regime theory does not incorporate any physical explanation

Analysis: Part One

Chapter Two: Literature Review

1_3_

in its findings it is, therefore, strictly not a theory. For example, i
illustrate the role of sediment transport in influencing alluvial channel
geometry although irrigation canals are normally heavily loaded with
sediment. Clearly, a physically sound explanation of channel form would
greatly benefit regime theory. This has been a goal for river engineers
and hydro-geomorphologists for m a n y years as summarised by Ackers
(1992), and consequently consideration of this literature becomes the
focus of the remaining part of this chapter.

2.2.2 HYDRAULIC GEOMETRY RELATIONS
2.2.2.A Background
The model of hydraulic geometry advocated by Leopold and
M a d d o c k (1953) in their quantitative description of the variation in river
channel forms has assumed an air of definitive authority since its
establishment (Church, 1980). The following statement from Clifford
(1996) in his recent review of the hydraulic geometry literature describes
the present situation:
Hydraulic geometry is firmly established in undergraduate
textbooks, and it is widely disseminated, alongside drainage
networks ordering, as the mainstay of school-level teaching
on fluvial systems.
In its original state, hydraulic geometry was illustrated by Leopold
and Maddock (1953) as a set of power functions relating channel width,
depth, velocity and sediment discharge to flow discharge at a particular
return frequency. However, sediment discharge has been c o m m o n l y
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considered to be an independent variable, and its relationship with flo
discharge is normally excluded. Hence, the following relations appear
most frequently in the literature:
W = aQb (2-19)
D = cQf

(2-20)

V = kQm

(2-21)

subject to ack = 1.0 (2-22)
b + f + m = 1.0

(2-23)

as the result of the physical constraint of flow continuity. In the abo
relations, the exponents b, f and m are called 'hydraulic geometry
exponents' and represent the rates of change of dependent variables with
flow discharge.
The hydraulic geometry model describes quantitatively h o w a river
channel's width, depth, velocity and related properties vary with changing
discharge, either over time at one site ("at-a-station hydraulic geometry")
or along and between rivers at a comparable discharge frequency
("downstream hydraulic geometry"). Because at-a-station relations are the
specific artefacts of local channel shape which, in turn, reflects the
history of immediate past flows, their physical relationship to flow is not
yet as clear as that for downstream relations, and hence, they are not
included in this study.

2.2.2.B Practices in world-wide geographical regions
In contrast to fairly steady flow in canals, river flow is much more
variable. This leads those studying downstream hydraulic geometry to use
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relatively high magnitude and low frequency flows as a means of
standardising river discharge to those events that actually determine the
channel characteristics. Between-section comparisons of flow width,
depth, velocity, etc., are made at a standard flow duration or return
period where the magnitude of the events is sufficiently high to assuredly
have some influence on the formation of the channel. Most importantly,
w h e n the selected flow frequency in a variable discharge river is of a
value similar to that which forms or maintains the channel, downstream
hydraulic geometry is, in essence, consistent with regime theory. It is this
geomorphological analogue that has m a d e downstream hydraulic
geometry become a very popular methodology, not only for fluvial
geomorphologists, but also for river engineers in their studies of fluvial
mechanics and catchment hydrology (Shen, 1971a,b, 1973; Richards,
1977, 1982; Knighton, 1984; Ferguson, 1986; Chang, 1988; Simons and
Senturk, 1992; Yalin, 1992; Clifford, 1996).
The popularity of downstream hydraulic geometry also arises from
one of the most important observations this century in self-formed stable
channels; that of bankfull discharge as the defining flow condition. This is
the discharge that fills the channel just to the top of the banks and from
theory and observation it is believed to represent the discharge in a
variable flow that determines or maintains channel form (Wolman and
Leopold, 1957; Nixon, 1959; W o l m a n and Millar, 1960). However,
Williams (1978) summarised that there are 16 ways of defining bankfull
discharge. That which crests at the active floodplain is the most
meaningful bankfull level to the fluvial geomorphologists, whereas that
which nearly overtops the valley flat is the most important to river
engineers, and these are not necessarily the same.
Using bankfull discharge and simple power functions of Eqs. (2-19)
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to (2-21) as the basic form of the hydraulic geometry model, downstrea
relations have been identified from small experimental streams to worldwide rivers (e.g. Leopold and Maddock, 1953; W o l m a n , 1955; Leopold
and Miller, 1956; Brush, 1961; W o l m a n and Brush, 1961; Thornes,
1970). Comprehensive summaries of these studies and more by Park
(1977) and Rhodes (1987) reveal that the exponents b, f and m in Eqs.
(2-19) to (2-21) in a group of rivers in a particular physiographic
environment fall most frequently in the ranges of _> = 0.4~0.5,
/ = 0.3~0.4 and m = 0.1 -0.2 (Fig. 2.1). These similarities between a
wide range of rivers in different physiographic settings suggest a
c o m m o n general tendency for channels to adjust to conditions of imposed
water discharge and sediment load. A conclusion then has been drawn that
the hydraulic geometry of alluvial rivers is primarily a power function of
dominant or bankfull discharge and the hydraulic geometry exponents
have been considered essentially as invariable values (e.g. Osterkamp,
1979; Hey and Thome, 1986; Chitale, 1995). A s a consequence, the wide
ranges of variation in exponents _», / and m as shown in Fig. 2.1 have
been left largely uninvestigated but must be due to unrecognised factors.
In other words, downstream hydraulic geometry is actually a problem of
multivariate controls rather than of the single variable, flow discharge.
It has also been suggested that downstream hydraulic geometry m a y
be controlled by climatic settings or by the size of drainage basin,
however, the groupings of data by Park (1977) and Rhodes (1987) clearly
dispute that. In contrast, attempts here and by others to either include
some sedimentologic and additional physical parameters in determining
hydraulic geometry relations or to pursue physical derivations or
computer based analyses have met with considerable success, as outlined
below.
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A slope-discharge relationship has also been regarded as one of the
downstream hydraulic geometry relations; though not with the same
enthusiasm as in regime theory:

S = tQz (2-24)
In regime theory, exponent z has a very stable value of about -0.167
-1/6) [Eq. (2-18)]. However, for natural channels it has been found that
z varies widely from -0.50 to -0.93 with a mean of -0.65 for four major
rivers in the United States (Carlston, 1968), a m e a n of -0.342 for
Canadian gravel rivers (Bray, 1982), and a mean of -0.2 for British
stable gravel-bed rivers (Hey and Thome, 1986). Clearly, the slope of an
alluvial stream is a function of more than just flow discharge.

2.2.2.C Brief summary
As is similar to the regime theory, downstream hydraulic geometry
relations are empirical and their applications are particularly regional.
However, their average values [_> = 0.4~0.5,

/ = 0.3-0.4

and

m = 0.1 - 0.2 in Eqs. (2-19) to (2-21) as shown in Fig. 2.1] are so close
to those of regime theory that it is clear they are a response to much the
same mechanisms; in other words, they are hydraulically determined. O n
the other hand, it is apparent in Fig. 2.1 that the ranges of the variation in
hydraulic geometry exponents are m u c h wider than those for regime
theory. This emphasises that the influence of factors other than flow
discharge on channel geometry is much more significant in natural rivers
than that in canals.
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2.3 REVIEW AND ANALYSIS OF PREVIOUS STUDIES
Four approaches have been commonly employed to pursue a more
practically useful and physically reasonable understanding of the selfformed geometry of alluvial channels. These are the empirical, physical,
similarity, and extreme hypothesis approaches.

2.3.1 EMPIRICAL APPROACH
The empirical approach normally expresses the channel geometry of
natural streams as a function of channel-forming discharge (bankfull
discharge for example) only, or as a function of a number of variables
including flow discharge, indices of channel bed and bank sediment, bank
vegetation, and sediment discharge. In terms of these factors, empirical
studies illustrate four typical models.

2.3.1.A Model 1: Flow discharge

This model could include all the bivariate relations between channel
geometry and flow discharge. However, amongst them, the work of
Leopold and Maddock (1953) and Nixon (1959) is considered especially
here not only because they are the pioneers but also because they have
provided a direction for the later work to follow.
In an attempt to find an appropriate w a y to compare channel
variations between cross-sections along the length of a stream, Leopold
and M a d d o c k (1953) identified from the rivers running in the midwestern United States that the water surface width, mean depth and mean
velocity increase on average with a downstream increase in mean annual
discharge as follows:
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WocQ05- DocQ0A; V~Q0A (2-25)

Because similar relations also hold for bankfull discharge, the mo
discharge to control channel morphology, the above relations represent a
geomorphologic analogue to regime theory developed in canals. Hence,
regime theory is seen to be applicable to natural rivers, and Eq. (2-25)
has been greatly valued as a classic piece of work in fluvial
geomorphology.
Nixon (1959) made it very clear on rivers in England and Wales that
the bankfull state of natural rivers is the corollary of regime channels,
and that a self-formed river channel remains stable or in regime when the
following equations are satisfied:

W = 1.65<21/2 (2-26)
D = 0.545(21/3

(2-27)

V = 1.112Ql/6

(2-28)

The above equations have the exact same form as Lacey's regime
formulations [Eqs. (2-1) to (2-3)], demonstrating the very considerable
value of regime theory for describing the channel geometry of natural
rivers. However, the consistent results of Leopold and Maddock (1953)
and Nixon (1959) have been rarely repeated for other natural river
systems because the channel geometry of natural rivers is not controlled
by single variable and the exponents of flow discharge are not as simple
as those either in Lacey's regime theory or in the classic work of Leopold
and Maddock (1953).
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2.3.1.B Model 2: Flow discharge and channel boundary
sediment composition
The most influential study of the impact of channel boundary
composition on channel form is the work of S c h u m m (1960), particularly
his study of erosion and sedimentation in a semiarid environment; the
S m o k y Hill-Kansas River system. B y relating width/depth ratio
( F = W/D)

of a channel to the average percentage of silt-clay in the

perimeter ( M ) , S c h u m m found the following:

F = 255M"L08

(2-29)

where

., Sc-W + Sb-2D
M =
W + 2D

(2-30)

in which Sc and Sb are the percentage of silt-clay in the bed and t
banks.
Eq. (2-29) shows clearly that channel boundary sediment
composition, or index M, has a significant influence on channel shape.
Taking index M

as an independent variable, which it strictly is not,

S c h u m m (1968, 1971a,b) undertook a regression analysis of combined
data from the S m o k y Hill-Kansas River system and the lower
Murrumbidgee River in the southeast of Australia, and obtained:
^0.38 ^0.10

W = 2.3-^™-; D = 0.6Q029M0M\ F = 56^fI

(2-31)

Similar analyses have been made avoiding the parameter M, for it
has been questioned on the basis of its physical logic (e.g. Melton 1961)
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and its applicability largely to channels that have cohesive banks an
transfer small amounts of bed load (e.g. Riley 1975; Pickup, 1976;
Pickup and Warner, 1984). As a result, two different approaches have
been followed. Firstly, instead of the index M

to reflect the average

condition of the whole perimeter, two indices for channel bed and banks
have been considered separately using regression analysis (e.g. Miller and
Onesti, 1979; Miller, 1984; Rhodes, 1991). Secondly, instead of using
quantitative parameters, channel bed and bank sediments have been
grouped into several categories to develop average hydraulic geometry
relations (e.g. Osterkamp and Hedman, 1982; Kolberg and Howard,
1995).
The other studies in this respect include the work of Canadian
scientists, typically Kellerhals (1967) and Bray (1982). They identified
that the channel geometry of Canadian gravel rivers is controlled by
sediment size in addition to flow discharge. Because the results obtained
separately by Kellerhals and Bray are quite similar, the list below
obtained by Bray (1982) is representative:

W = 2.0SQ052Bd^-010

(2-32)

D = 0.256Q033ld~^025

(2-33)

y = i.87(2ai40J5°o095 (2"34)
S = 0.0965(2"°334^5o586

2.3.1.C

<2"35)

M o d e l 3: Flow discharge, sediment size and b a n k
vegetation

Andrews (1984) used this model in the study of the channel geometry
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of gravel rivers in the Rocky Mountain region of Colorado. By
categorising bank vegetation into two groups (thin and thick), Andrews
obtained the following non-dimensional relations:
For thin bank vegetation:

W* =4.940Q0A1S

(2-36)

D* =0.485(2 a 3 7 7

(2-37)

V*=0.420<2 0 , 1 4 5

(2-38)

5 = 0.162(2-0-406

(2-39)

For thick bank vegetation:
*

W

=

3 9 1 1 g0.482

(2-40)

D*=0.491<20370

(2-41)

V*=-0.536(2 a 1 4 4

(2-42)

5 = 0.318«2-°-439

(2-43)

where

w*=w

D*= °

d 50

d50

Q=

v=

Q

V
8^50

(2-44)

((^-1)^50 4 )
in which d$Q, ps, p , and g are median diameter of river-bed sediment,
sediment density, water density and acceleration due to gravity,
respectively.
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It is seen clearly in the above two sets of equations [Eqs. (2-36) to
(2-43)] that there is no significant difference between exponents but a
slight difference between coefficients. A comparison of the two sets of
hydraulic geometry equations for the same discharge and median particle
diameter in channel bed shows marked differences. O n average, rivers
with thick bank vegetation have approximately the same depth, but have
2 5 % higher velocities, are 2 6 % narrower, and are nearly twice as steep
as the rivers with thin bank vegetation.
Hey and Thorne (1986) made a detailed analysis of the channel
geometry of selected British gravel rivers by categorising them into four
groups according to the density of trees and bushes, and obtained the
following results:

W = KVQ0.50

(2-45)

D = 0.22Q037d^U

(2-46)

5 = 0.0382"°-28^8462

(2-47)

where
Kv=4.33

for banks without trees or bushes

= 3.33

for banks with 1-5% tree/bush cover

= 2.73

for banks with 5-50% tree/bush cover

= 2.34

for banks with > 5 0 % tree/bush cover

(2-48)

Eqs. (2-45) and (2-48) indicate that channels with more than 5 0 %
tree/bush bank cover are 5 4 % narrower than channels with no
trees/bushes on their banks.
It is noted from the studies of Andrews (1984) and Hey and T h o m e
(1986), or Eqs. (2-36) to (2-48) that bank vegetation has a significant
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influence on channel width but an insignificant influence on depth
slope. O n the contrary, bed sediment size has a greater effect on depth,
velocity and slope than on width.

2.3.1.D Model 4: Flow discharge, sediment size, bank vegetation
and sediment discharge
Considering sediment discharge at bankfull flow (Qs), bed sediment
size (-/50) and bank vegetation (trees and shmbs) as independent factors,
Hey and T h o m e (1986) obtained the following relations from British
gravel rivers:

W = KvlQ052Qfm (2-49)
D = Kv2Q039d^15Qf02 (2-50)
S = 0.0872^43J5-00-09^4(25a10 (2-51)
where
Kvi =3.98; Kv2 =0.16 for banks without trees or bushes
= 3.08;

=0.19 for banks with 1-5% tree/bush cover

= 2.52;

= 0.19 for banks with 5-50% tree/bush cover

= 2.17;

= 0.20 for banks with > 5 0 % tree/bush cover

(2-52)

Eqs. (2-49) to (2-52) show that channel geometry becomes very slig
narrower and shallower with increasing sediment transport. They also
show that bank vegetation has a significant effect on channel width, but it
has only a limited effect on depth and slope. The influence of bed
sediment size is mainly on depth, a result consistent with Model 2.
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2.3.1.E Brief summary

Model 1 is the simplest case but it shows clearly that regime theor
can be applied to natural rivers in certain circumstances. Models 2 and 3
demonstrate separately that channel boundary sediment and bank
vegetation have a significant influence on channel geometry. However, it
has been observed that rivers, running in certain environments, such as in
semi-arid regions in Australia (Dunkerley, 1992), generally have silt-clay
banks supporting considerable vegetation, the latter also affecting channel
shape and obscuring the effect of bank sediment composition. Hence, the
effects of sediment composition and vegetation should be considered
together using an index of overall bank strength to reflect both.
Model 4 is more advanced, giving consideration to four factors that
control channel geometry: flow discharge, bed sediment, bank vegetation,
and sediment transport. Although very similar to Models 2 and 3, Model
4 is based entirely on statistical regression analysis and does not define the
physical relationships that determine channel geometry. Any factor that
can be considered to have some influence on channel geometry can be
included in an empirical relationship, but two question always arise;
Firstly, is it necessary to include all the possible factors? Secondly, what
does each factor represent in physically meaningful terms?

2.3.2 PHYSICAL APPROACH
Now that the regime theory and downstream hydraulic geometry
relations are determined by flow mechanisms, they should be solvable in
terms of the principles offluidmechanics. However, this solution turns
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out to be very difficult based on present knowledge. Nevertheless,
progress has been significant in several respects.

2.3.2.A Threshold theory
Threshold theory was based on the assumption that channels in
equilibrium are shaped into a cross-section according to the m a x i m u m
threshold discharge that has occurred, and that sediment particles on the
periphery of the channel cross-section are at the 'threshold' of movement
under the corresponding flow conditions. With this assumption, m a n y
investigators have formulated the shape of threshold channels in
homogeneous coarse alluvium (e.g. Lane, 1953; Lane, et al, 1959;
Stebbings, 1963; Henderson, 1963, 1966; Li, et al, 1976; Bray, 1982).
Amongst them, however, the work of Henderson (1963, 1966), Li, et al
(1976) and Bray (1982) has been tested with regime relations observed
from both canals and natural rivers. The physical conditions upon which
the work of Bray (1982) was based are different from those advocated by
Henderson (1963, 1966) and Li, et al (1976). Hence, their results are not
totally consistent.
(I) Work of Henderson (1963, 1966) and Li, et al (1976)
Field observations suggest strongly that stable canals normally
illustrate channel shape as Type A sections whereas gravel-bed channels
mostly display a shape as Type B sections (Fig. 2.2). In plane geometry,
Type A sections resemble the insertion of a section of constant depth
between two curved banks of Type B sections, and hence, the solution of
the shape of Type B sections can lead to the expression of the shape of
Type A being easily derived using open channel hydraulic relations, such
as flow continuity and flow resistance relations.
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Since stable banks require no movement of sediment, it can be
assumed that the water is clear in this case. A s a direct result, a stable
Type B channel can be regarded as one where the shear stress at every
point on the perimeter of the channel is just balanced by the resisting
stress of the bed or bank. In other words, it is a threshold channel (Lane,
1953).
Henderson (1966) and Li, et al (1976) determined the mathematical
expression of the shape of Type B channels and, by establishing the
following relations, found some remarkable similarities between the form
of this channel type and Lacey's regime theory:

W = 0.93d-°l5Q0A6 (2-53)
D = 0.13rf"°-15fia46

(2-54)

S = 0.44G/U5<2"°-46

(2-55)

which are based on the conditions:

— = 7.154; DS = 0.0572d (2-56)

Hence, the above equations mean that channel shape, ie., width and dep
ratio, is independent of flow discharge and even the size of sediment
composing the channel boundary. This presents a striking contrast with
what had previously been observed, that channel shape is controlled by
the boundary sediment (e.g. S c h u m m , 1960). The above relations are
similar to Lacey's regime theory, however, they produce a narrower,
deeper and steeper channel than do Lacey's regime formulations [Eqs. (21) to (2-3)] when only the function of flow discharge is considered. In
other words, if channels are designed according to Eqs. (2-53) to (2-55),
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they may not be stable, being forced to widen, shallow and become more
gentle in contrast to the more stable channels designed using Lacey's
regime theory.
W h e n the shape of Type A channels is considered, Henderson (1963.
1966) found that the change from a narrow Type B channel to a very
wide Type A channel must also be accompanied by a change in channel
slope by a way of

w-P-1-^

(2.57)

Very similar to Eq. (2-57), Griffiths (1981) obtained the flowing relation
from a set of gravel-bed rivers in N e w Zealand:

w-**jjg_l
Obviously from Eqs. (2-57) and (2-58), slope also controls channel
geometry. However, the values of the exponents of slope in both the
above equations are so large as to cause doubt as to w h y such a significant
influence on width has gone unnoticed elsewhere for so long.
(2) Work of Bray (1982)
In awareness of the differences between Eqs. (2-53) to (2-55) and
the Lacey's formulas [Eqs. (2-1) to (2-3)], Bray (1982) favoured to use
Lacey's width formula and Neill's (1968) flow resistance formula
together with the assumption that the threshold channel is one where twodimensional flow shear stress (JDS) is very close to the critical shear
stress of bed sediment. B y incorporating these two conditions into the
flow continuity equation, Bray (1982) obtained:
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W = 2.61Q05

(2-59)

D = 0.0585(2a428^-285

(2-60)

V = 6.40(2a07154o285 <2"61)
S = 0.968Q"°- 428 4o 85

(2-62)

In contrast to those equations derived by Henderson (1963, 1966) and Li,
et al (1976) [Eqs. (2-53) to (2-55)], Eqs. (2-59) to (2-62) fit closer to
field observations from gravel rivers by Kellerhals (1967) and Bray
(1982) himself [Eqs. (2-32) to (2-35)]. However, Neill (1967, 1975)
found that the assumption that the critical shear stress for incipient
motion of uniform gravels is in direct proportion to sediment size is true
only for specific conditions, and that in a more general form the critical
shear stress for river-bed sediment, tcbd, has the following expression:

***. j°y

{rs-r)d U

(2-63)

in which j is a small positive fraction.
Eq. (2-63) leads to a constant of D1_jS rather than a constant of DS
for same size of sediment but the latter was used in threshold theory by
Henderson (1963, 1966), Li, et al (1976) and Bray (1982). Because
0 < j < 1.0, the incorporation of Eq. (2-63) into flow continuity and flow
resistance relations can produce channel geometry relations that are much
closer to Lacey's theory [Eqs. (2-1) and (2-3)]. A s stated by Blench
(1957), Lacey's regime theory actually produces a constant of D 1 / 2 S, thus
y = 0.5.
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2.3.2.B Mechanism for maintaining equilibrium banks and a mobile
bed

Physically, stable channels with equilibrium banks and a mobile be
maintain two aspects of balance: local longitudinal fluid momentum
balance and the balance of lateral bed-load transport and lateral diffusive
transport of suspended sediment. In terms of the mathematical
expressions of the balances, Parker (1978a,b, 1979), Ikeda, et al (1988)
and Ikeda and Izumi (1990, 1991) sought a complicated mathematical
solution of channel geometry using the singular perturbation technique.
Their solutions agree well with certain sets of field observations, even for
those situations with vegetated banks.
Parker (1978a,b, 1979) also found that his analysis can produce
several arbitrary lists of dimensionless parameters, which can lead to
solving the hydraulic geometry relations. However, reasonable results can
be obtained only when certain conditions apply. Gravel channels are
fairly simple because channel two-dimensional shear stress is just a little
higher than the critical value (Parker assigned 20%). Even in such an
event, Parker (1978b, 1979) had to impose a width-discharge relation
(W°cQ05)

to obtain satisfactory hydraulic geometry relations for gravel

channels. This analysis of Parker (1978b, 1979) is in fact consistent with
the similarity approach, hence his hydraulic geometry relations for active
gravel channels are not introduced here but in the following section
(2.3.3).

2.3.2.C Simplification of secondary flow relation

In an excellent review of the existing methods for the determinati
of alluvial channel geometry, Julien and Wargadalam (1995) attributed
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the limitations of most methods to the use of simplified one-dimensio
(ID) analysis of flow and sediment transport in alluvial channels.
Consequently, they developed a method introducing a two-dimensional
(2D) flow equation (ie., secondary flow equation) with the Shields
number as the mobility index of non-cohesive particles. They found that
channel geometry is determined by three factors: flow discharge, bedmaterial size and the Shields number parameter (r*e) as

W = o.512<2(2m+1)/(3m+2))^"(^^ (2-64)
D= Q.mQV(^2)d(6m-l)l(6^)x--V(6m+A)

(2 _ 6J)

V = 14 7g'*/(3m+2)rf(2-2m)/(6m+4)T*(2m+2)/(6m+4)
S = 12.4Q-V(3m+2) d5/(6m+4) t*(6m+5)/(6m+4)

(2_66)

(26?)

where

^=^50;
s

50

^=KT—^VT-^
0

(r_-r)«o

m = lln\12.2^-

/ I

(2-68)

^50

From a massive set of field observations, Julien and Wargadalam
(1995) identified 0 < m < 0.5. Hence, the above equations can be written
numerically as
w=0.512<20-5~0-57rf;<a25~a43> T;-«>-25~o.29)
D=

(2.69)

0 133G0.29-0.5rf-0.25-0.29T*-(0.14-0.25)

(2 . 7Q)

V. = 14.7e0.00-0.14d-0.14-0.5^0.43-0.5

(2 . 71)

S = nAQ-iO^-O^OJi-llS^UA-US

(2.?2)
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It is noted that the exponents of discharge in Eqs. (2-69) to (2-72),
though varying to a degree, are close to those in regime theory and those
commonly observed according to the bivariate power function of flow
discharge (Fig. 2.1). Furthermore, because sediment discharge per unit
is in direct proportion to r0, the above relations
width qs (=QS/W)
mean that an increase in sediment transport can make channels narrower,
shallower and steeper, consistent results with the empirical study of Hey
and T h o m e (1984) [Eqs. (2-49) to (2-51)].
With Eq. (2-68), Shields number parameter TQ can be replaced by
slope S. A s a result, Julien and Wargadalam (1995) suggested the
following alternative relationships:
w=USQ0-4-0-5

j-(ao~a25)s-(a2~0-25)

(2-73)

_>

D = 0 2Qa4~a25_/a0~0-3751S"(a4~a375)

(2-74)

_>

V = 3 760a2~a25d-(°-0~°-125)£0-4~0.375

(2-75)

In contrast to Eqs. (2-64) to (2-72), Eqs. (2-73) to (2-75) have the
advantage of dealing with practical problems, for channel slope can be
easily determined by way of direct measurement or from m a p contours,
but sediment transport rate per unit width (ie., the Shields number
parameter) includes unsolved width.

2.3.3.D Studies by Smith (1974) and Pizzuto (1992)
Smith (1974) approached the problem of hydraulic geometry in a
different w a y to most physical studies. Since Leopold, et al (1964)
observed a proportional relation between flow discharge and drainage
area, Smith approximated that flow discharge increases linearly with
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distance downstream. This leads to an assumption that sediment disch
also increases linearly downstream, for the study channel has a steadystate form and the whole landscape is everywhere eroding downward at
the same rate. Using a simple bed-load transport function qs ©c q2S2 as
proposed by Smith and Bretherton (1972), Smith (1974) derived the
following hydraulic geometry relations:

W ~ 07/11 - Q°M (2-76)
Doc<2 3 / n oc0 0 - 2 7

(2-77)

V oc e Vll «,_ £0.09

(2 _ 7g)

S ~ Q~2/U ~ Q~°'lS (2-79)

Clearly, this study differs from most other physical studies in that
considers hydrologic rather than hydraulic mechanisms. However, the
assumption of linear downstream variation in both flow and sediment
discharges actually results in a direct proportional relationship between
two discharges, which has not been generally accepted. For example,
08

Leopold and Maddock (1953) found Qs °c Q
western United States.

from rivers in the mid-

The analysis of Pizzuto's (1992) method is much more complicated
for it requires consideration of not only the power law between flow
discharge and a measure of drainage size (drainage length or drainage
area), but also the downstream fining law of sediment size together with
the relationship between sediment discharge and sediment size in a
downstream direction. Although this approach did provide certain
consistent results withfieldobservations, it includes too many regional
parameters to calibrate before it can be applied to solve practical
problems.
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2.3.2.E Brief summary
The threshold channel provides a detailed physical illustration and
mathematical representation of channel geometry. However, most studies
of alluvial channels show that sediment transport is very active in the
central region of a cross-section and declines to nearly zero at the banks
(e.g. W o l m a n and Brush, 1961; Diplas, 1990). Thus, in the channel centre
the shear stress must be greater than the critical value. Although
Henderson (1966) extended threshold theory to deal with sediment active
channels, his approach [Eq. (2-57)] has received little attention except in
gravel-bed rivers in N e w Zealand by Griffiths (1981) [Eq. (2-58)].
Although Bray's (1982) threshold channel theory improved the width
relationship problems still emerge in determining the critical shear forces
for the movement of sediment.
The physical analyses of Parker (1978a,b, 1979), Ikeda, et al (1988),
and Ikeda and Izumi (1990, 1991) were based essentially on the shearstress distribution along the channel wetted perimeter, although Parker
initially considered stable channels with equilibrium banks and a mobile
bed mainly on the basis of there being a lateral balance of sediment
transport. That channel shape is closely related to its boundary shear
distribution has been long recognised (e.g. Lane, 1935), and the direct
result of this observation is threshold theory. Physically, this distribution
is determined by lateral m o m e n t u m transfer in the flow due to
turbulence. Since this m o m e n t u m transfer interacts with sediment
transport (Ikeda and Izumi, 1990, 1991), it is the fundamental mechanism
that controls fluvial channel geometry, but there are difficulties in
producing simple explicit relations.
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Although Julien and Wargadalam (1995) demonstrate that they can
adapt a secondary flow equation to straight channels with reasonable
results, a detailed analysis of their simplification of secondary flow
equation shows that it actually results from using an empirical regime
relation W05~h0/D

= constant. This is addressed in detail in the Appendix

I of this study, for some of the results obtained by Julien and
Wargadalam (1995) show consistency with those found in this study,
although different approaches have been followed by the two studies.
F e w studies of channel geometry are based on hydrologic
mechanisms for these are normally very complicated and vary from one
site to another. A s studied by Leopold, et al (1964) and recently by Huang
and Willgoose (1992, 1993), the relationship between flow discharge and
a measure of drainage size, such as drainage length or drainage area, is
normally a complicated function of the patterns of rainfall and soil
parameters, and thereby it is highly regional. Hence, Smith's (1974)
assumption of a linear relationship between flow and sediment discharge
is generally not true.

2.3.3 SIMILARITY APPROACH
Traditional regime theory and downstream hydraulic geometry
relations represent similarities between individual rivers. The physical
background for these similarities are pairs of balances between the acting
forces and the resisting forces pertaining to the river systems. A s a result,
a physical analysis of the relevant parameters, normally in nondimensional form, can be m a d e for river systems. Studies by Barr and
Herbertson (1968), Yalin (1976, 1992), and Barr, et al (1980) have made
detailed descriptions of the general formulation of the approach, and
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studies by Engelund and Hansen (1967), Parker, (1979b), Church (1980),
Bray (1982), Andrews (1984), and H e y and Heritage (1988) presented
s o m e explicit results.

2.3.3.A Study by Engelund and Hansen (1967)
Engelund and Hansen (1967) employed the similarity principle to
their study offluvialprocesses, which requires that:
(1) two-dimensional channel shear stress, or Shields' criterion, is
preserved;
(2) energy losses in flow expansions over dune troughs remains
similar;
(3) velocity scales are preserved (requiring vertical distortion).
A s a result, they established the following regime relations:

W = 0JSd~°3l6Q0-525 (2-80)
d0.2120.317

D = 0.108

(2.gl)

v_y
5 = 12.8^

4

/

7

^0.527^-0.212

(2_g2)

KQJ

The above results are very close to regime theory and most importantly
they recognise the influence of sediment transport on channel depth and
velocity, very consistent with the study by H e y and T h o m e (1986) [Eqs.
(2-50) and (2-51)]. However, the relations derived b y Engelund and
Hansen (1967) were based on the assumption of the existence of similarity
fW/D=
(= 2gDS/V

constant in natural rivers, in which / is a friction factor
). The validity of this assumed relation is unknown.
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2.3.3.B Studies by Parker (1979b), Church (1980) and
Andrews (1984)
On the physical mechanisms that determine channel geometry,
Parker and Anderson (1977) presented a framework of dimensional
analysis for channel geometry. They argued that although there are many
arbitrary lists of non-dimensional parameters, they are not enough to
define the regime relations. Because of this problem, Parker (1979b) was
forced to adopt the scale relation W©c Q05 in his examination of the
geometry of active gravel-bed channels, resulting in the following nondimensional relations:

W*=4.4Q05 (2-83)
D*=0.25£>a42

(2-84)

5 = 0.223<2"°-410

(2-85)

The non-dimensional variates used in the above relations were defined a
in Eq. (2-44), whereas Eqs. (2-83) to (2-85) can be written in the
following dimensional forms:

W-d^Q0-50

(2-86)

D~d^05Q042

(2-87)

5 00^103^-0.41

(2-88)

Church (1980) made a similar analysis for sandy channels, being
forced to adopt a relation for the channel form ratio W/D oc Qll6 as
consistently appeared in regime theory [Eqs. (2-1) and (2-2)]. However,
as a geomorphologist, he noted that in a practical sense there m a y be
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strict limits placed on how far slope can be adjusted by the exi
non-alluvial control points along a river. To the extent that slope is
constrained, so is energy expenditure in part. This circumstance will
affect section geometry through the adjustment of the channel to present
the appropriate resistance to dissipate the energy. Moreover, Church
(1980) identified the influence of sediment transport on regime relations,
but did not provide explicit expressions due to the limited extent and
nature of the available data.
Andrews (1984) applied this approach to examine the influence of
vegetation on channel geometry and achieved success as described earlier
in section 2.3.1.C [Eqs. (2-36) to (2-39)].

2.3.3.C Studies by Bray (1982), and Hey and Heritage (1988)

Non-dimensional parameters are not unique in their expressions an
all of them are physically reasonable. For example, Bray (1982)
introduced the following non-dimensional width, slope and velocity
relations for Canadian gravel rivers:

0.2

( dJ

0.2 \~°-241

^ L = 473 508
O0A ,
Q0A

(2-89)

< D^
0.945
5 = 0.0449
Vd50j

(2-90)

V

48~DS

=1.975~°-256

(2-91)

With a massive data set from British, American and Canadian gravel
rivers, Hey and Heritage (1988) differentiated the non-dimensional
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parameters suggested by Parker (1979) and later used by Andrews (1984
from those proposed by Bray (1982). It appears that given a well ordered
data base, one in which the measurement error is minimal and which is
defined by a unique set of physical equations, the two approaches give
identical predictions.

2.3.3.D Brief summary
The similarity approach originates from the physical approach,
although it deals with dimensional analysis. The studies of Engelund and
Hansen (1967), Parker (1979b), Church (1980), Bray (1982), Andrews
(1984), and Hey and Heritage (1988) have been successful in providing
practical and therefore useful relations, however, due to the lack of
clearly defined physical relationships, these studies were based on certain
empirical similarity relations, particularly for geometric similarity. For
example, Engelund and Hansen (1967) used the relation fW/D
constant, Parker (1979b) the relation WocQ05
relation W/D<*Q'

=

and Church (1980) the

. Without generally accepted similarity principles, no

result can be widely applicable.

2.3.4 EXTREME HYPOTHESIS APPROACH
Alluvial channels possess four dependent variables: width, depth,
velocity and slope. Thus, four equations are required for the solution of
them. However, present knowledge offluvialhydraulics provides only a
reliable equation for flow continuity and two sets of relatively reliable
equations, one for flow resistance and the other for sediment transport. In
other words, there is no closure for this problem. Because a definitive

Analysis: Part One

Chapter Two: Literature Review

42

rational explanation cannot be obtained, some researchers have spe
as an alternative methodology that river morphology is related to the
principle of least work or minimum energy. For example, Gilbert (1914)
and Mackin (1948) stated that the river channel, as an agent of
transportation, must be so that it can adjust to transport the debris
supplied to it. In particular, Gilbert (1914) in his extensive hydraulic
experiments noted extreme conditions where channels adjust either to
carry the m a x i m u m possible bed-load given the imposed grain size, slope
and discharge, or that they carry a specified load with the available
discharge at the lowest possible slope. However, the applicability of these
extreme conditions in determining channel geometry did not receive any
systematic examination until Leopold and Langbein (1962) introduced the
concept of entropy into studies offluvialsystems. A s a direct result,
various extreme conditions have been proposed and examined.

2.3.4.A Hypothesis 1: Minimum variance

Inspired by the second law of thermodynamics in relation to therma
energy, Leopold and Langbein (1962) analysed the possibility of this law

in fluvial systems proposing that 'the most probable condition exists whe

energy in a river system is as uniformly distributed as may be permitt

by physical constraints'. Langbein (1964) further inferred that the most
probable condition can be achieved when the sum of the variance is a
minimum. For hydraulic geometry relations W«= Q , DocQ*
V ^ Qm-> the minimum variance takes a form of

b2 + f2 + m2 = a minimum (2-92)
For downstream hydraulic geometry, Langbein obtained:

and
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W~Q0-53 (2-93)
DocQ031

(2-94)

V oo 2°1°

(2-95)

5 oo Q~°J3

(2-96)

Being influenced by the bivariate power functions of downstream
hydraulic geometry advocated by Leopold and Maddock (1953),
Langbein's study concerned only the control of flow discharge on channel
geometry. However, Langbein's introduction of the concept of minimum
variance to the study of river morphology prompted many researchers to
devote their attention to the advancement and application of minimisation
or maximisation hypotheses.

2.3.4.B Hypothesis 2: Minimum stream power
Recently, the hypothesis of minimum stream power has received
considerable attention in river-related studies, possibly for two reasons:
(1) It m a y illustrate the principles of energy dissipation and least work;
(2) T o a considerable degree it can provide a relatively high level of
predictions for channel geometry and even channel patterns (Chang,
1979a,b, 1980a,b, 1984, 1985, 1986, 1988). It was proposed by Chang
(1979a) that:
For an alluvial channel, the necessary and sufficient
condition of equilibrium occurs when the stream power
per unit channel length yQS is a minimum subject to given
constraints. Hence, an alluvial channel with water
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discharge Q and sediment load Qs as independent variables
tends to establish its width, depth, and slope such that yQS
is a minimum. Since Q is a given parameter, minimum
yQS also means minimum channel slope S.
Hence, the hypothesis of minimum stream power has the form of
yQS = a minimum (2-97)
When Q is given (normally y can be regarded as a constant for
usual materials in nature), the hypothesis of minimum stream power is
equal to
S = a minimum (2-98)
With the classic formulas of Duboys (1879) for the transport of bed
sediment and of Lacey (1929-1930, 1933-1934) for flow resistance and
the m i n i m u m stream power assumption, a computer based analytical
approach was then developed by Chang (1979a,b, 1980a, 1985, 1988) to
find the equilibrium geometry of alluvial channels. Chang's procedure
produced a fairly consistent regime channel geometry, and for sand-bed
channels, Chang's analytical results can be approximated by the following
relationships:
.,

<-

D = 0.055

x0.05

<-, x-0.3

'c
1 2

1 2

d ' d '

Q03

(2-100)
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These show that channel width is primarily a function of Q, and the
exponents of Q fall into the ranges of those mostly frequently observed
values (Fig. 2.1). Channel width shows less dependence on S and d but
channel depth is more dependent on them.
For gravel-bed channels, Chang applied a sediment transport
formula very similar to that developed by Parker, et al (1982) and
obtained the following relationships:

f, 0.001065J115 V
W = 1.905 + 0.249 ln
Q047,
0.42
SQ
V
D = 0.2077 + 0.04181n

0.000442d U5
SQ

0.42

Q

0.42

S>SC

(2-101)

S>SC

(2-102)

By comparing Eqs. (2-101) and (2-102) to their counterparts in sand-bed
channels, ie., Eqs. (2-99) and (2-100), it can be noted that the role of
slope in influencing width and depth is different. In sand-bed channels, an
increase in slope can lead to an increase in width but a decrease in depth,
however in gravel-bed channels, Chang's analysis results in a reduction in
both width and depth. Perhaps, this results from the use of the
uncommonly applied Lacey's equation for flow resistance, and the
formula of Duboys for bed-sediment transport which ignored the action
of lifting force on sediment particles. Furthermore, Chang (1982)
identified, from a comparison of the results obtained using his procedure

with several sets of data for gravel rivers, that 'the analytical widths te
to be smaller for large streams but greater for small streams; the

analytical depths tend to be greater for large streams but smaller f
small streams' (Chang, 1982).
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Recently, Millar and Quick (1994) attributed the differences between
predicted and actually measured channel geometry in Chang's analytical
approach to the lack of suitable bank stability relations. Using an
experimental relationship between channel shape and the boundary shear
distribution, even without testing in natural rivers, they showed that their
procedure can improve the performance of Chang's m i n i m u m hypothesis
approach. However, there are problems with the study of Millar and
Quick (1994), which are addressed below in section 2.3.4.G.

2.3.4.C Hypothesis 3: Minimum total energy loss
Instead of using stream power per unit channel length, Yang, et al
(1981) hypothesised a minimum total energy loss for the total reach:
A river may adjust its flow as well as its boundary such
that the total energy loss (or, for a fixed bed the total
stream power) is minimised. The principal means of
adjusting the boundary is sediment transport. If there is no
sediment transport, then the river can only adjust its
velocity distribution. In achieving the condition of
minimum

stream power, the river is constrained by the

law of conservation of mass and the sediment transport
relations.
The rate of energy dissipation (j)t in a stream reach of / carrying
sediment is given by Yang, et al (1981) as
0, = (yQ + ysQs) LS = a minimum (2-103)
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Surprisingly, Yang, et al (1981) found that the minimum total
energy loss occurs when alluvial channels develop the most hydraulic
efficient cross-section. In such a condition, the ratio of channel width and
depth should be kept constant. As a result, Yang, et al (1981) derived the
following hydraulic geometry relations:

WOCQWOCQ^

(2-104)

D~<29/22~<2041

(2-105)

V~Q2/n~Q0-1*

(2-106)

5oo(2-2/Hc<(2-0-18

(2-107)

The relationships are close to the threshold channel relations defin
Henderson (1963, 1966) and Li, et al (1976) [Eqs. (2-53) to (2-56)]. Yang
(1987) attempted to justify the validity and the applicability of the
approach in solving problems influvialsystems, such as in drainage
network ordering (Yang, 1971a) and sediment transport prediction
(Yang, 1973, 1976; Yang and Molinas, 1982; Yang and W a n , 1990),
however, his proposal that the width and depth ratio is independent of
flow discharge and sediment is generally not correct.

2.3.4.D Hypothesis 4: Maximum sediment discharge
As known from the hydraulic experiments by Gilbert (1914),
alluvial channels have a limiting (or maximum) capacity for transporting
sediment load imposed from the drainage basin. This m a x i m u m capacity
is the most effective control in shaping the channel cross-section as put by
Griffith (1927):
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A river fully charged with silt must • • tend to adopt that
form of section which will give it a maximum silt-carrying
capacity.
Simply, this hypothesis can be expressed as
Qs = a maximum (2-108)
Pickup (1976) made an attempt to use this hypothesis to establish the
relationship between channel shape and sediment load. With certain
simplifications in expressing the profile of a channel cross-section, he
found that as bed width increases the rate of bed-load transport, which is
determined by the Meyer-Peter and Muller (1948) transport law,
increases to a peak and then decreases. The peak indicates the most
efficient bed width for bed-load transport and its position changes with
discharge in some channels but not others (Pickup and Warner, 1984).
However, this study of Pickup (1976) was conducted on the condition that
channel slope remains unchanged.
Kirkby (1977) also employed the hypothesis of m a x i m u m sediment
concentration for given flow discharge in his analysis of channel stability
and pattern. The solution indicates that when channel width, depth and
size of roughness are expressed as power functions of flow discharge, the
width-discharge relationship is determined by downstream variations in
bed-load yield and channel slope. A s a result, Kirkby (1977) believed that
hydraulic geometry is possibly related to the characteristics of catchment
hydrologic processes.
Because flow resistance and sediment transport equations normally
have a complicated form, White, et al (1982) with the aid of a computer
provided an analytical solution to channel geometry with the condition of
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maximum sediment transporting capacity. Using the sediment transport
law defined by Ackers and White (1973) and the friction relationship
proposed by White, et al (1980), this analytical methodology can provide
reasonable predictions of the regime width, depth, velocity and slope.
Rather encouragingly, it was noted that for a fixed discharge, the
m a x i m u m sediment capacity Qs occurs where the stream power per unit
length yQS reaches a minimum. The hypotheses of m a x i m u m sediment
discharge advocated by White, et al (1982) and minimum stream power
defined by Chang (1979a) m a y result from the same mechanism.
White, et al (1982) also provide a justification for the use of
m a x i m u m sediment transporting capacity from the variational principle.
However, they argued that an arbitrary selection of sediment and friction
relationships combined with an extreme hypothesis m a y not provide a
satisfactory regime theory; the results depend on the flow resistance and
sediment transport relations.
M o r e recently, Farias (1995) undertook a valuable study in
illustrating the influences of different sediment transport and flow
resistance formulas on channel conditions upon which the m a x i m u m
sediment discharge can be achieved. For six groups of sediment and flow
resistance formulas that were proposed by Engelund and Hansen (1967),
Ackers and White (1973) and White, et al (1980), Brownlie (1981a,b),
V a n Rijn (1982, 1984a,b,c), Peterson and Peterson (Petersen and Howell,
1973), and Karim and Kennedy (1987), Farias identified different regime
equations on the condition of m a x i m u m sediment discharge. Farias'
regime equations are in a non-dimensional form and correspondingly this
study expresses them in a dimensional form. All of them are detailed in
the Appendix II of this study and the following presents only the ranges
of variation in Farias' regime equations:
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Two interesting results can be noted from the above equations: (1)
The exponents for flow discharge vary within a very limited range in
each case and they are very close to or exactly consistent with those that
appear in regime theory or those that are commonly observed in most
geographical regions (Fig. 2.1); (2) Although the exponents of sediment
concentration C vary over relatively wide ranges, they show consistently
that an increase in sediment concentration leads to a reduction of channel
width and depth but a increase in velocity and slope, with slope being
much more responsive.
However, the huge ranges of variation in both the coefficients and
the exponents of sediment size d suggest that Farias' (1995) study
probably ignores the other important factors that affect channel
geometry, such as channel bank shear forces as argued by Ferguson
(1987), T h o m e and O s m a n (1987, 1988), Darby and T h o m e (1995), and
Chitale (1996).

2.3.4.E Hypothesis 5: Maximum friction factor
Inspired by published data on channel bedforms, channels with
artificial roughness elements, meandering channels, and bed armouring,
Davies and Sutherland (1983) proposed the hypothesis of m a x i m u m
friction factor by stating:
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If the flow of a fluid past an originally plane boundary is
able to deform the boundary to a non-planar shape, it will
do so in such a way that the friction factor increases. The
deformation will cease when the shape of the boundary is
that which gives rise to a local maximum offriction factor.
Thus the equilibrium shape of a non-planar self-formed
flow boundary or channel corresponds to a local maximum
of friction factor.
In mathematical form, this hypothesis is equal to
/ = a maximum (2-113)
where / is the Darcy-Weisbach friction factor (= 8gRS/v2).
Although Davies and Sutherland (1983) did not present a procedure
to predict the regime geometry of alluvial channels, they compared the
assumption of m a x i m u m friction factor with other hypotheses. They
found that the hypothesis of m a x i m u m friction factor is more widely
applicable, more often correct, and more in keeping with the mechanics
of turbulent flow and non-linear processes than the hypothesis of
m i n i m u m stream power. However, White, et al (1982) found that the
friction factor can remain unchanged while sediment discharge varies
around its peak.

2.3.4.F Hypothesis 6: Maximum/Minimum Froude number
The Froude number is closely related to flow regime and might
reflect the stability of the equilibrium condition upon which river
channels remain stable form. Ramette (1980, 1981) proposed the
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hypothesis of maximum Froude number for stable channel design with
reasonable results. However, Jia (1990) showed clearly that under the
constraints imposed by water discharge, sediment load and particle size,
the Fround number of the channel flow will tend to attain a m i n i m u m
value for equilibrium channel conditions.

2.3.4.G Brief summary
The extreme hypotheses have been defined in very general terms and
they have different expressions and resultant functions. Because there has
not been offered a rational physical explanation, the results that they
provided generally vary with the use of different extreme hypotheses or
different flow resistance equations or sediment transport laws for the
same extreme hypothesis.
However, in certain circumstances, different extreme hypotheses can
produce the same results and this has led researchers to look for the
conditions of applicability for each hypothesis. Unfortunately, to date
there is no consensus of opinion but instead an obvious contradiction in
using extreme conditions of Froude number. Yang (1987) argued that the
hypotheses associated with the minimum rate of energy dissipation, such
as m i n i m u m stream power proposed by Chang (1979a,b) and minimum
total stream power used by Yang, et al (1981), are of general
applicability, and those other hypotheses, such as m a x i m u m sediment
discharge and m a x i m u m friction factor, are applicable only on certain
conditions. O n e example is that the hypothesis of m a x i m u m sediment
transporting capacity cannot be applied where sediment discharge is a
constant. In contrast, Davis and Sutherland (1983) and Bettess and White
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(1987) disputed that the extreme hypotheses based on energy dissipation
rate reflect just the simple case in each case.
There has also been resistance to using extreme hypotheses for
providing reasonable solutions to the problem of channel geometry while
totally ignoring the mechanisms of channel lateral adjustment (e.g.
Ferguson, 1987; T h o m e and Osman, 1987, 1988; Lambeti, 1988, 1992;
Pianese, 1992; Darby and Thorne, 1995). Although Millar and Quick
(1994) showed that the addition of a bank stability relationship to the
extreme hypothesis approach can improve the results, there are two
problems with their study. The first is that their bank stability
relationship is based totally on flume experiments rather than on field
data and therefore its applicability to natural rivers needs testing. The
second is that the addition of a bank stability equation actually leads to a
solution of channel geometry, at least in sorting out the major controlling
factors. A s a consequence, no extreme hypothesis is required to develop
the general form of channel geometry model. This is shown in the
Chapters 4 to 6 of this study where the general form of channel geometry
is determined based on the physical mechanisms and the evidence
provided by a massive data set of observations.

2.4 GENERAL SUMMARY
Alluvial channels are self-formed and their geometry is determined
by flow mechanisms. While regime theory developed by river engineers
in stable canals illustrates the most ideal case, downstream hydraulic
geometry advocated by Leopold and Maddock (1953) has demonstrated
that in a wide range of geographical regions the geometry of alluvial
channels is largely independent of regional settings and climatic
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conditions, but that it does depend on flow conditions. Flow discharge,
particularly bankfull discharge, is the major control of channel geometry
such that the simple average values of the hydraulic geometry exponents
commonly show little change and are very close to

WocQ05- DocQ033- VocQ0A1; SocQ-017 (2-114)
However, the flow mechanisms that actually control the formation of
alluvial channel geometry are in the form of flow continuity, flow
resistance, sediment transport, channel stability, and lateral m o m e n t u m
transfer. Thus, in detail flow discharge cannot be considered as the only
control of channel geometry, particularly when attempting to identify the
general laws of nature. Although detailed empirical studies have only
regional applicability, they do indicate clearly that besides flow discharge,
the sediment composing the channel boundary, bank vegetation, channel
slope, sediment transport intensity and even the types of sediment
transported can all affect channel geometry significantly. The question,
however, arises as to whether it is necessary to include all the possible
factors in the channel geometry equations in order to obtain accurate
predictions?
Furthermore, empirical studies, particularly those by Andrews
(1984) and H e y and T h o m e (1986), strongly suggest that a reasonable
description of the impact of vegetation on channel geometry is possible at
a general level using a hydraulic geometry model. This m a y pave the way
for gaining a fuller understanding of the role of vegetation in influencing
channel form and process, which partially reflects the complexity of
natural river channels and to date has been recognised only in very
general terms (e.g. Hickin, 1984; Gregory and Gurnell, 1988; T h o m e ,
1990).
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Physical and associated similarity approaches can, in their own ways,
lead empiricism towards a complete theory, however, to date neither has
provided totally satisfactory results, even for the simplest case of
threshold channel conditions. Although in theory it can lead to a purely
mathematical formulation, the lack of the general form of critical shear
force still obstructs its application.
There are difficulties in providing practical useful relations by way
of directly solving basic flow equations as was attempted by Parker
(1978a,b). However, this by no means concludes that there is no w a y to
overcome the difficulties. Indeed, by other semi-theoretical ways, such as
by hydraulic flume experiments, the physical mechanisms of lateral flow
m o m e n t u m transfer and the resultant channel boundary shear distribution
can be well understood (e.g. Knight, 1981; Knight, et al, 1984; Knight
and Patel, 1985; Flintham and Carling, 1988; Knight, et al, 1994; Millar
and Quick, 1994). Although experimental studies of necessity involve
very simple conditions, they can contribute greatly to sorting out the
major controls of flow mechanisms. Chapter 4 of this study demonstrates
well that an experimental relationship between channel shape and the
boundary shear distribution is of great help in identifying the general
form of downstream hydraulic geometry relations.
The vectorial and the variational methods are the two main
approaches to flow mechanics, the former dealing with force and
m o m e n t u m and the later concerning the work of force and energy
transfer. Regardless, they provide identical results which are universally
applicable. Because all the hypotheses advocated in studying the geometry
of alluvial channels reflect a w a y of optimising the work of force and
energy transfer, they produced valuable results. In particular, the studies
of Chang (1979a,b, 1988) using the hypothesis of m i n i m u m stream
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power, and White, et al (1982) and Farias (1995) using the hypothesis o
m a x i m u m sediment transport capacity, provided explicit expressions of
channel geometry, which illustrate the controls of multiple variables on
channel geometry and provide reasonable predictions.
However, care must be taken in using extreme hypotheses because
this hydrodynamic approach is subject to the restrictions of flow
conditions (flow continuity, flow resistance and flow transport capacity).
Since there are numerous flow resistance and flow transport capacity
formulas, the use of different formulas can, as known from the principles
of optimisation technique (Greig, 1980), cause the extreme conditions to
vary to a degree. This was demonstrated clearly by Farias (1995) in his
analysis of h o w six sets of flow resistance and sediment transport
formulas affect the conditions for m a x i m u m sediment transport.
Nevertheless, Farias also identified that there are c o m m o n roles in
determining river channel geometry played by hydrodynamic principles.
In other words, there is the possibility of employing the extreme
hypotheses to form a complete theory that illustrates the geometry of
alluvial channels on the basis of pure hydrodynamic principles.
Despite this possibility, the extreme hypothesis approach has not
included the influence of bank stability in developing explicit channel
geometry relations. M o r e importantly, this approach illustrates only the
controls of pure hydrodynamic principles on channel geometry. In
natural rivers, morphologic controls m a y also influence channel form, as
suggested by S c h u m m (1972), Kellerhals, et al (1976), Church (1980),
S c h u m m , et al (1987) and S c h u m m and Winkley (1994). A physically
based empirical approach can greatly benefit our understanding of the
degree to which the geometry of alluvial channels is determined purely
by hydrodynamic principles, and this study will show that.
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CHAPTER 3
HYDRAULIC GEOMETRY OF SOME
AUSTRALIAN RIVERS IN RELATION TO
CHANNEL VEGETATION

3.1 INTRODUCTION
Clearly, variations in channel vegetation can exert a significant
influence on hydraulic geometry (e.g. Zimmerman, et al, 1967; Andrews,
1984; Hey and Thome, 1986). However, because the role of vegetation in
influencing hydraulic geometry is usually local due to the variable
density, type, rooting habit and even age and health of the plants
involved, their influences on hydraulic geometry are commonly regional
and restricted to specific study areas. The broad purpose of this chapter is
to examine in a semi quantitative w a y h o w the vegetation and bank
sediment composition vary between four small coastal streams in the
Illawarra region of southeastern Australia and h o w they differ from those
observed from other geographical regions either in its form or in its
function particularly in influencing the hydraulic geometry. The primary
objective of this chapter is to illustrate the influence of vegetation on
channel variations using commonly observed bivariate channel geometry
relations. Later in Chapter 5, these streams are re-examined within the
quantitative framework developed in Chapter 4 for a multivariate model
of channel geometry.
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The character and growth position of vegetation along many
Australian rivers often show marked differences to those described for
rivers in North America and Europe. This is probably due to Australia's
highly variable climate and associated flow regimes, for frequent low
flows encourage the growth of vegetation well d o w n banks and even on
the bed of channels and this can have a profound effect on channel
geometry. Most American rivers studied to date exhibit a progressive
downstream increase in channel discharge (e.g. Leopold, et al, 1964), but
some streams in southeastern Australia, such as the Murrumbidgee river
(Schumm, 1968), and some small coastal streams in the Illawarra region
(Nanson and Young, 1981), illustrate a downstream increase in channel
capacity only in their upper and middle catchments and yet a substantial
decrease in their lower catchments. While not due only to the effect of
vegetation, the stark contrast between certain Australian and American
rivers highlights the complex and multivariate nature of channel
geometry.
A detailed investigation of four small streams in southeastern
Australia reveals that while channel vegetation on an individual stream
can vary greatly in detail, it can be broadly categorised and even indexed
for quantitative analysis. Such variations in vegetation, in addition to
other variables, cause the hydraulic geometry of the study streams to
differ significantly from each other and from patterns observed in most
other geographical regions. Importantly, the study presented in this
chapter demonstrates clearly that the impact of vegetation on channel
form and velocity can be quantified in m u c h the same w a y that other
broadly based hydraulic geometry relations have been developed. Dense
bank vegetation results in narrower channels whereas vegetation growing
on the bed greatly increases flow resistance, causing channel widening
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and reduced flow velocity, but producing no significant change in depth.
These results combined with those from other regions, permit an
interpretation of the sensitivity of channel width to different forms of
channel vegetation, information of use for river management.
T o achieve these goals, this chapter examines three major topics.
Firstly, it investigates vegetation variations along four small coastal
streams in the Illawarra region of southeastern Australia, and develops
appropriate vegetation categories or indices. Secondly, it looks at
variations in the hydraulic geometry of individual streams as well as
groups of streams and, using widely recognised hydraulic geometry
relationships, it analyses the impact of vegetation. Thirdly, it compares
the results obtained in this study with those observed elsewhere.
Importantly, this comparison provides an analysis of the sensitivity of the
influence of vegetation.

3.2 CHARACTERISTICS OF THE STUDY STREAMS
Robins Creek, Mullet Creek, Marshall Mount Creek and the
Minnamurra River, are four small coastal streams in the Illawarra region
of southeastern Australia (Fig. 3.1). The first three have basin areas of
only 20 - 30 km
142km

while Minnamurra River has a drainage area of

. Located in a temperate maritime climate with a m e a n annual

rainfall about 1100 m m near the coast to 1600 m m in their headwaters, all
four streams flow over a broadly similar geology and physiography. This
consists of almost horizontally bedded Permian and Triassic sandstones,
shales and coal measures in the form of an eroded 400 - 700 m high
escarpment, and a coastal plain formed of unconsolidated of partially
indurated alluvial and coastal sediments some 5 - 10 km wide.
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• Study Sites
Robins Creek: RC1-7
Mullet Creek: MC1-8
Marshall Mount Creek : MM1-7
Minnamurra River: MR1-8

kilometres

Fig. 3.1

Location of the study streams in the Illawarra region of
southeastern Australia
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All four streams originate at or just beyond the crest of the
escarpment, plunge through a series of falls and rapids before entering
the foothills where they are confined onfloodplainsbetween topographic
ridges, following which they cross the narrow low-gradient coastal plain.
The escarpment is forested with a mixture of wet sclerophyll forest and
subtropical rainforest. However, the foothills and the coastal plain have
almost everywhere been cleared to establish pasture, although trees
commonly remain along the stream banks. There are a few sites where
the channels are j a m m e d by logs and tree roots. The streams running
within the foothills and on the coastal plain are alluvial and floodplains
allow overbank flow and provide a boundary within which channel
dimensions can adjust, and it is within the alluvial reaches that channel
geometry and vegetation have been assessed. Reaches affected by
urbanisation have not been included. In contrast to most streams, those in
the Illawarra commonly show in their lower reaches a downstream
decrease in estimated bankfull discharge (Nanson and Young, 1981;
Nanson and Hean, 1985). In addition to a significant downstream decline
in slope, it appears that vegetation m a y play an important role in
controlling the channel geometry of these streams (Nanson and Young,
1981), however, to date there has been no quantitative assessment of this.
This study has inspected channel vegetation and sediment along the
four small streams at the same locations previously investigated by
Nanson and Young (1981) for the Minnamurra River and by Nanson and
Hean (1985) for the remaining three streams, although sections in the
lowermost reaches affected by backwater and tidal variation from Lake
Illawarra have been excluded.
Within the escarpment foothills of the four streams, channel banks
are commonly topped with a thin layer (about 2 - 30cm thick) of fine
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overbank deposits, but below this the channel bed and banks are mostly
cobbles. In the absence of vegetation, these basal sediments largely
determine bank strength, for the fine floodplain overburden is readily
undermined when the cobbles erode. Vegetation on these gravel-bed
channels varies from mostly large trees (>6m high) well down the banks
of the Minnamurra River and Marshall Mount Creek, to almost no
vegetation at certain upstream locations along Mullet and Robins Creeks.
O n the coastal lowlands, channel bed sediments are sandy whereas the
upper and lower parts of banks are formed of sandy clays and clayey
sands. Samples taken from the base and the lower part of banks in
numerous locations indicate that these sediments contain very little silt but
between 10 and 7 5 % clay, hence the banks are relatively stable and stand
nearly vertical in places. In these lower reaches, all four streams have
banks lined with trees ( > 3 m high). River oaks

(Casuarina

cunninghamiana) are prevalent on the banks of the downstream reaches of
the Minnamurra River and Marshall Mount Creek. However, the banks of
the downstream reaches of Mullet and Robins Creeks support not only
trees but numerous willows (Salix species) and other shrubs (<3 m high
but usually higher than bank height). Of importance is that mixed willows
and shrubs (<3m high but usually higher than bank height) and even
some smaller trees (<6m high) occur at numerous locations on the bed of
the downstream reaches of these two streams. This is in marked contrast
to Marshall Mount Creek and the Minnamurra River where almost no
vegetation appears on the bed.
These variations of channel vegetation allow the definition of three
broad vegetation categories for the streams studied here:
(A) non vegetated banks;
(B) large trees (>6m high) well down the banks;
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(C) small and large trees (>3 m high) well down the banks with
channel beds supporting willows and other shrubs (<3 m
high but usually higher than bank height).

Table 3.1
Channel and vegetation characteristics of the study streams

No

Site

Q

S

l
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

RC1
RC2
RC3
RC4
RC5
RC6
RC7
MCI
MC2
MC3
MC4
MC5
MC6
MC7
MC8
MM1
MM2
MM3
MM4
MM5
MM6
MM7
MR1
MR2
MR3
MR4
MR5
MR6
MR7
MR8

7.5
7.0
7.8
3.6
9.2
8.3
9.7

.0218
.0156
.005 .
.0108
.0043
.0009
.0031
.0248
.0215
.0057
.0049
.0037
.004
.0044
.0039
.011
.0075
.0071
.0038
.0024
.0008
.0005
.0002
.00035
.002
.0008
.00125
.0065
.0098
.0127

26.2
36.5
27.3
23.7
17.7
28.4

9.6
7.7
20.8
19.9
56.4
35.2
91.1
27.0
19.1
12.0
27.0
62.0
114.0
112.0
131.0
86.0
52.0

W
7.0
8.6
8.3
5.0
10.3
20.0
16.6
19.0
17.2
19.9
17.9
22.0
30.0
17.4
17.8
11.0
12.0
13.0
15.0
19.0
12.0
11.0

9.7
14.5
16.5
18.3
28.5
20.8
22.5
14.5

D

4>

n

0.55
0.75
0.57
0.46
0.70
1.42
1.24
0.80
1.04
0.97
1.28
1.24
1.30
1.06
0.93
1.13
1.28
1.83
1.68
2.28
1.88
1.77
2.27
3.30
2.82
2.85
1.65
2.25
1.45
1.35

<-l
<-l
<-l

.05

<-l
<-l
<-l

<-l
<-l
<-l
<-l

vc TF BHD

.095

.04
.04
.04
.12
.14

18
25
—

24

>50
>50

-

—

1.7
2.8
3.1

12
16
19

2.6
2.9
3.1
2.7
2.8
4.6
3.8
5.1
3.5
1.7
1.2
2.1
2.4
4.8
5.3
6.3
1.7
7.8
1.1
1.3

9
13
21
21
22
35
30
33
19
17
17
14
40
33
32
29
24
21
21
19

.075

.07
.05
.07
.1
.1
.12
.14
.06
.055
.045
.045
.035

.03
.03
<-l
<-l
<-l
<-l
<-l
<-l

Bsc

.045
.073
.067
.026
.021
.049
.048
.052

—

14
18
15
23
9
23
24
20
30
40
48
14
28
20
11
25
40
50
74

>50
>50
>50
>50

Tcv
G-A
G-A
G-A
S-B
S-B
S-C
S-C
G-A
G-A
G-A
S-B
S-C
S-C
S-C
S-C
G-B
G-B
G-B
G-B
S-B
S-B
S-B
G-B
G-B
G-B
G-B
G-B
G-B
S-B
S-B

Note: Q = bankfull discharge (m 3 /s) estimated according to the Manning's resistance
equation; S = channel slope (m/m); W = channel width ( m ) ; D = channel average depth
( m ) ; <j> = bed material size (<p <-l = gravel-bed and the others are sand-bed); n = the
Manning's roughness estimated using Barnes' (1967) procedure; Bsc = bank silt and clay
content (%); VC = vegetation cover on channel bed (%); TF = tree frequency on the
banks (average number of trees per 10 m of bank length); BHD = average breast height
diameter of trees (cm); Tcv = channel bed type (G = gravel-bed; S = sand-bed) and
vegetation pattern (A = no vegetation; B = vegetation well down banks; C = vegetation on
both channel bed and banks).
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Where bank vegetation consists mostly of trees (>3 m high), it is
possible to present quantitative indices of tree frequency TF (average
number of trees per 10 m of bank length) and average tree diameter
BHD

(breast height diameter). For willows and other shrubs on the

channel bed, the quantitative index VC (percentage of vegetation cover)
used by H e y and Thorne (1986) for describing bank vegetation on
selected British rivers was deemed more appropriate (Table 3.1). A s seen
in Table 3.1, channel vegetation varies greatly in terms of size and
density in all three broad vegetation categories.
W h e n these channels are categorised into gravel-bed and sand-bed
channels, the situation is more simple. The gravel-bed channels (G)
possess only vegetation patterns of Types A and B (G-A and G-B in Table
3.1) while the sand-bed channels (S) have vegetation patterns of Types B
and C only (S-B and S-C in Table 3.1).

3.3 THE HYDRAULIC GEOMETRY OF THE STUDY STREAMS
The four streams studied here have clearly defined bankfull stages
and relatively stable bankfull channel form. They experience modification
only during extreme flooding events, such as the flood recorded in
February 1984 which was in excess of the 100 year event and caused
considerable adjustments to channel form (Nanson and Hean, 1985).
Because of the alteration of the channel by the 1984 flood, the crosssections surveyed prior to that event (Nanson and Hean, 1985) are used
here as representing the long term average condition for comparison with
channel and bank vegetation (Table 3.1). Despite the high magnitude of
the 1984 flood, it did not cause the study reaches to change from the three
broad vegetation categories defined above.
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Because no available gauging stations are located on the four
streams, the bankfull discharges provided in Table 3.1 were estimated by
Nanson and Young (1981) and by Nanson and Hean (1985) according to
the Manning's resistance equation using Barnes' (1967) procedure. In
terms of the hydraulic geometry relations W <*= Q , D°cQf

and V <* Qm

advocated by Leopold and Maddock (1953), Table 3.2 presents the values
of hydraulic geometry exponents b, f and m both for each selected
stream and for the group of all selected streams with the least squares
regression. S o m e other regression techniques for better estimations of the
exponents are also applied, but excluded because b, f and m sum well
away from unity. It is seen in Table 3.2 that _>, / and m

vary

considerably between streams. At the level of 9 5 % confidence, only
Marshall Mount Creek possesses all three (width, depth and velocity
against discharge) as clearly defined relations. Comparison of the
hydraulic geometry exponents shown in Table 3.2 with the ranges of
values for those summarised by Rhodes (1987) (Fig. 3.2) reveals h o w
these four Australian streams span the range of values widely obtained.
W h e n all four streams are analysed as a single group (Table 3.2),
there is a substantial improvement in the confidence level of the
relationships. However, these combined hydraulic geometry relations
mask differences between individual streams and only the exponent / lies
within the range of those generally observed in other geographical
regions (Fig. 2.1) while b and m are notable outliers. W h e n gravel-bed
and sand-bed channels are considered separately, the exponents for
average depth (/) in sand-bed channels and for velocity ( m ) in gravelbed channels lie close to the modes observed for world-wide data, while
the exponents for width (b) are extreme outliers for both sand and gravel
reaches (Table 3.2).
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Table 3.2
Hydraulic geometry exponents of the study streams

(W = aQb; D = cQf; V = kQm)
Streams

b

/

m

b+f+ m

Mullet Creek

0.102
[0.299]*

0.044
[0.147]*

0.904
[0.848]

1.05

Robins Creek

1.086
[0.743]

0.803
[0.627]*

-0.906
[-0.417]*

0.983

Marshall Mount Creek

0.291
[0.878]

0.293
[0.728]

0.414
[0.762]

0.998

The Minnamurra River

0.351
[0.885]

-0.093
[-0.230]*

0.742
[0.886]

1.000

Single analysis of all
above four streams

0.262
[0.622]

0.362
[0.701]

0.382
[0.594]

1.006

Single analysis of all
gravel-bed channels

0.349
[0.864]

0.41
[0.68]

0.239
[0.488]

0.998

Single analysis of all
sand-bed channels

0.230
[0.501]

0.319
[0.749]

0.463
[0.634]

1.012

[ ] correlation coefficients
* Signifies that exponent is not significantly different from zero at 95% confidence

These differences in the hydraulic geometry exponents between
geographical regions, and the variability within streams in the same
region, emphasise that channel geometry is more accurately interpretable
as a multivariate rather than a series of bivariate relationships. The
general form of hydraulic geometry is controlled, not only by discharge,
but also by other factors (e.g. Richards, 1977, 1982; Nanson and Young,
1981; Knighton, 1984; Julien and Wargadalam, 1995). Nevertheless,
large data sets are required to identify these multivariate relationships
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with any precision. From field observations and theoretical analyses,
vegetation appears to play an important role in controlling channel form
(e.g. Zimmerman, et al, 1967; Hey and Thorne, 1986; Thorne and
Osman, 1988; Ikeda and Izumi, 1990; Millar and Quick, 1994). The
remainder of this chapter examines broadly the role of vegetation in
influencing hydraulic geometry relations at the study sites investigated
here.
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3.4 INFLUENCE OF VEGETATION ON HYDRAULIC
GEOMETRY RELATIONS

3.4.1 METHODOLOGY
Two methods are commonly applied to identify the influence of
vegetation on hydraulic geometry. The first is to use an invariant
exponent in the power function of width to discharge observed from a
large data set and then to relate vegetation to variations in the coefficient
(e.g. H e y and Thome, 1986). The second is to develop regression power
functions for the data being compared and to relate the variable exponents
and coefficients to the differences in vegetation (e.g. Andrews, 1984).
Because convincing regression results require large data sets and this
study has only a limited variety of vegetation data (Table 3.1), the former
method is applied here using the following relations:
W = klQ05; D = k2Q03; V = k3Q02 (3-1)
In the above model, the width-discharge exponent (0.5) has been
widely recognised (e.g. Simons and Albertson, 1960; Knighton, 1974,
1984; H e y and T h o m e , 1986; Chitale, 1995), however, the exponents for
depth and velocity to discharge have not been proposed so consistently.
For example, Leopold and Maddock (1953) suggested D~Q0A

and

V ~ <201. Nevertheless, the combination of the flow continuity equation
(Q = W D V ) , the Manning's flow resistance equation (V = n~lD2/3Sl/2)
and the width-discharge relationship (W = klQ0,5) presents physical
support for Model (3-1):
D = kr°6n°-6S^3Q0-3

(~ Q03)

(3-2)
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V = k?An~0(>SQ3Q02(~Q02) (3-3)

Furthermore, strong support for using Model (3-1) can also be gai
from the world-wide observations (e.g. Park, 1977; Rhodes, 1987),
where D ~ Q * ~ * and V ~ Q ' ~ * were most frequently observed
(Fig. 3.2).

3.4.2 GRAVEL-BED CHANNELS

The gravel-bed channels inspected here occur in the upper reaches
the four study streams and possess two typical vegetation patterns: Type
A (no vegetation) and Type B (large trees well down channel banks). It is
seen in Table 3.1 that the average size of trees growing on the banks
(BHD) varies over a limited range (19 ~ 40cm) but the frequency of the
trees (TF) varies over a large range (1.7 ~ 7.8) in the channels with Type
B (Table 3.1). W h e n Model (3-1) is fitted to the data from these gravelbed channels it appears that vegetation exhibits a considerable influence
on channel width. Because the data with TF>5

show rather different

positions in Fig. 3.3 from those with TF<5, a quantitative understanding
of the influence on channel width can be gained from the following
relations (Fig. 3.3):
W = 2.9Q05 (TF<5) (3-4)
W = 1.SQ05

(TF>5)

(3-5)

While the densely lined trees on the banks (TF>5) are probably
responsible for channel width, the impact of bank vegetation on depth is
less clear (Fig. 3.4). For those banks with trees there appears to be no
relationship between channel depth and tree frequency. Nevertheless,
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channels with no vegetation on the banks are significantly less deep than
those with trees on the banks, resulting in the following relations:
D = 0.64 Q03 (all tree-lined banks) (3-6)
D = 0.34 Q03

(all non tree-lined banks)

(3-7)

However with computed velocity, no discernible effect of bank vegetation
can be identified (Fig. 3.5).
Comparison of the results obtained here with those found by
Andrews (1984) in certain gravel-bed rivers in the Rocky Mountain
region of Colorado and by H e y and Thorne (1986) in certain stable
gravel-bed channels in Britain reveals remarkable consistency in the role
played by vegetation in influencing channel width (Table 3.3). The
situation becomes clearer when the data provided by Andrews (1984) are
reanalysed to simplify the non-dimensional width relationships established
by Andrews into the following dimensional relations:

W = 4.1 Q (banks covered with sparse or thin grass) (3-8)
W = 3.6 <2°'5 (banks covered with dense or thick grass)

(3-9)

As a result, all the width-discharge relationships shown in Table 3.3 hav
a consistent power function ( W °= *JQ). Although the studies of this aspect
were m a d e in very different regions (Table 3.3), the role of vegetation on
channel width can be well described by w a y of hydraulic geometry
analysis.
However, the role played by vegetation in influencing channel depth
appears to be very complex (Table 3.3), showing only a minor influence
on the study rivers by Andrews (1984), a non discernible influence in
British streams by Hey and T h o m e (1986), and yet a significant influence
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Fig. 3.3

Influence of vegetation on the width-discharge
relationship in gravel-bed channels [lines are
fitted withfixedexponent (0.5) and coefficients
are averaged for points associated with each line]
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in the streams studied in the Illawarra region of southeastern Australia.
This is possible due to the effect of factors other than flow discharge and
vegetation. Although factors, such as channel bank sediment composition,
sediment transport, channel resistance and even channel slope could have
a negligible influence on channel width, they m a y influence channel
depth. O n e of the reasons is that the influence of flow discharge is
normally m u c h more significant on width (with exponent of mostly 0.40.5 in power function of width-discharge relationships) than that on depth
(with exponent of mostly 0.3-0.4 in power function of depth-discharge
relationships), as shown in Fig. 3.2. This m a y also explain w h y none of
the studies shown in Table 3.3 have recognised the influence of vegetation
on channel flow velocity; the exponent in velocity-discharge power
function is usually very low (0.1-0.2) (Fig. 3.2).

3.4.3 SAND-BED CHANNELS
The sand-bed channels have vegetation patterns of Type B (large trees
well d o w n the banks) and Type C (small and large trees well d o w n the
banks with channel beds supporting willows and other shrubs). It is seen
in Table 3.1 that the bank vegetation density, size and area that covers the
channel bed all vary across a fairly limited range in these channels
(TF = 1.1-3.1, BHD = 9.5-22.3cm,

7 0 5 0 % ) . W h e n the data are

fitted to Model (3-1), they reveal that bed vegetation results in a
significant increase in channel width (Fig. 3.6) and a considerable
decrease in flow velocity (Fig. 3.8). However, there is no significant
influence on channel depth (Fig. 3.7). This is because the vegetation on
the bed consists largely of dense willows and shrubs which can retard the
flow by significantly increasing channel roughness (Table 3.1). Flow is
deflected around the willows and shrubs of sand-bed channels and erodes
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the banks, resulting in a widening of the channel without any loss o
channel depth. In the case of this study, it appears that bed roughness can
override bank vegetation in determining channel geometry, with the
following relationships being established for all the sand-bed sections
using the least-squares technique:

(r = 0.911) (3-10)W = 25.252V- 709
0.5
Q
(r = 0.749) (3-11)
D = 0.484Q0.319
(r = 0.794) (3-12)V

Q

0.2

= 0.059

-n^m

Of particular relevance is that channel roughness affects hydraulic
geometry so significantly that it masks the influence of the silt and clay
content of the banks, with vegetation Type B banks containing a higher
percentage of silt and clay (40% on average) than those banks with
vegetation Type C (19% on average). However, it is very difficult to
determine an accurate estimate of the bank silt and clay content for any
individual site as the banks can be a composite of different layers. In
some cases there is a thick veneer (0.2 -1.0 m ) of sediment lapped on to
the bank, the veneer being very different in texture to the sediment
beneath. This veneer is stripped off during a flood exposing firmer
sediments which largely control bank strength.
Despite the problems of measuring bank sediments, it does appear
for the Illawarra streams that the broad distinction between sand and
gravel boundaries, in combination with the effect of vegetation, is of
major importance in determining channel geometry. Indeed, it is very
likely that bank vegetation varies partly in response to variation in bank
sediment and possibly vice verse', in other words, these two variables are
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not strictly independent (e.g. Hupp and Simon, 1991; Nanson, et al, 199
H u p p and Osterkamp, 1996). However, it has not been possible to isolate
theses two components here due to a fairly limited data set.
Because in sand-bed channels overwhelming emphasis has been
placed on recognising the influence of the composition of bank sediment
(e.g. S c h u m m , 1960, 1963, 1968; Ferguson, 1973; Osterkamp and
H e d m a n , 1982; Kolberg and Howard, 1995), and little attention been
placed on the role of vegetation in influencing hydraulic geometry
relationships, no appropriate studies can be found to compare with the
results obtained here.

3.5 DISCUSSION

3.5.1 SENSITIVITY ANALYSIS
When the results obtained in the study conducted here are combined
with those by Andrews (1984) and by H e y and T h o m e (1986), it is
possible to provide a preliminary answer to the practical question: to
what extent does vegetation affect channel form and process?
Vegetation exerts control on channel form and process mostly
through altering channel flow resistance and bank strength. Using
procedures provided by C o w a n (1956), Hickin (1984) demonstrated that
variation in channel vegetation in small rivers can easily produce an
order of magnitude variation in Manning n. It can then be inferred from
Eqs. (3-10) and (3-12) that this can result in channels that vary their
width by more thanfivetimes and also can retard flow velocity by up to
84%.
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The detailed effect of vegetation on bank strength is largely
unknown and it is beyond the scope of present knowledge to provide an
accurate estimation of bank strength based on different vegetation
locations, types, and even age and health. However, it is appreciated in
broad terms that channels with banks that are riprapped with a dense
network of roots can experience an increase in erosion resistance of more
than one order of magnitude (e.g. Smith, 1976; Hickin and Nanson, 1984;
T h o m e , 1990), although the link between bank strength and channel form
and process is only vaguely understood. Instead of using bank strength
directly, both this study and those by Andrews (1984) and H e y and
Thorne (1986) suggest the possibility of using hydraulic geometry
analysis and broad vegetation categories or indices to identify the link
between bank vegetation and channel form and process. In all three
studies, width relationships are the most consistent with the coefficients
varying between 2.0 and 4.5 for different vegetation types (Table 3.3). In
other word, channels which possess non vegetated banks can be roughly
two to three times wider than those with banks that are densely vegetated.
O f note is that the possible range of variation in channel width
caused by bank vegetation is less than that caused by channel roughness
(more thanfivetimes). Because these two possible ranges of variation are
in opposite directions, it then implies that in certain circumstances the
influence of bank vegetation on channel width can be overridden by the
effect of vegetation on the bed (channel roughness). This m a y partly
explain w h y the narrowing effect of trees on a stream bank can be
overridden by that of log jams, debris dams or large roots protruding
into the channel, and w h y small forested streams are commonly wider
than those streams running through grassland (e.g. Zimmerman, et al,
1967; Murgatroyd and Teman, 1983).
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Table 3.3
Hydraulic geometry in relation to vegetation
Study rivers

Vegetation

Hydraulic geometry relations
Banks with dense or thick grass cover:
W = 3.911£>0-482

or

W = 3.6Q°5

N o vegetation on
D = 0.491 G°'37°
channel bed;
T w o categories Banks with sparse or thin grass cover:
of bank vegetaW = 4.940 g0'478 or W = 4.1 Q05
tion:
D = 0.485 e 0 3 7 7
(1) dense (thick)
U. S. A.
V = 0.420 2 0 1 4 5
(Andrews, 1984) grass cover;
(2) sparse (thin)
Note: W, b, V and Q are non dimensional flow
grass cover.
width, depth, velocity and discharge, and W °= W;

Gravel-bed rivers
in the Rocky
Mountain region
of Colorado,

_)«£>; VocV and

N o vegetation on
channel bed;
Four types of
bank vegetation:
Gravel-bed rivers Type I: grass
in U. K.
with no trees or
bushes;
(Hey and Thorne,
Type n : 1-5%
1986)
tree/shrub cover;
Type 111:5-50%
tree/shrub cover;
Type I V : > 5 0 %
tree/shrub cover.

Q~Q.

W = 4.33 e0'5

(Vegetation Type I)

w = 3.33 Q°-5

(Vegetation Type n )

W = 2.73 e

05

0 5

W = 2.34 e "

(VegetationType m )
(Vegetation Type IV)

D = 0.33e°'35
(Vegetation Types I - IV)

Gravel-bed channels:
O n gravel-bed
channels, no
W = 1.8 <20'5 (densely tree-lined banks)
Both gravel-bed vegetation is on
05
(sparsely or non tree-lined banks)
and sand-bed
channel bed but \ W = 2.9 Q
smallriversin the banks are lined
D = 0.64 e 0 - 3 (ah tree-lined banks)
Illawarra region, by trees;
D = 0.34 Q03
(all non tree-lined banks)
southeastern
O n sand-bed
Australia
channels, banks Sand-bed channels:
are lined by trees
(This study)
W = 25.252 .n0109-Q0-5
and beds covered
with dense
D = 0.484(2°'319
willows and
V = 0.059n-°-804G°-2
shrubs.
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3.5.2 INFLUENCE OF VEGETATION: DETERMINABLE
OR NOT?
Vegetation can exert a significant influence on channel morphology,
however its influence is complex and has been poorly understood. O n the
one hand, researchers such as Zimmerman, et al, (1967), Keller and
Swanson (1979), Keller and Tally (1979) and Murgatroyd and Ternan
(1983) argued that the role of vegetation in influencing channel
morphology is scale-dependent. In small forested rivers, they observed
that vegetation can dominate channel morphology, causing wider channels
and obscuring hydraulic geometry relations. They proposed for large
rivers that the influence of vegetation on channel morphology is less
effective. However, contrasting observations have shown that the effect of
vegetation m a y be independent of scale. For example, Maddock (1972),
Andrews (1984), Hey and T h o m e (1986) and the study conducted here
demonstrated clearly from the studies of small and large rivers that the
densely tree-lined or grass-covered channels are deeper and narrower and
therefore possess smaller width-depth ratios than do channels which have
less trees or grass on their banks.
Hickin (1984), Gregory and Gurnell (1988) and Thorne (1990) have
attempted to pursue the physical role of vegetation in influencing channel
form and process. They conclude that vegetation location, type, and even
age and health, can exert profound effects on channel morphology
through several important mechanisms, resistance to flow and bank
strength being particularly significant. Using procedures provided by
either C o w a n (1956) or Barnes (1967), one can estimate the magnitude of
channel roughness caused by various vegetation. However, as yet there is
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no suitable index of bank strength, resulting as it does from different
vegetation types and densities as well as sediment composition.
Because of the difficulty of providing quantifiable and physically
manipulable estimations of the effects of vegetation on channel form and
process, s o m e researchers argued that a generalised approach to this
problem, such as considering channels simply as vegetated or non
vegetated, or using certain indices, is not appropriate (e.g. Mosley, 1985;
Thorne, 1990). T o a degree this is true, particularly if the detailed effects
of vegetation are to be interpreted on a site by site basis. However, the
studies of Andrews (1984), H e y and Thorne (1986) and the study
conducted here suggest that it is possible to give a reasonably accurate
determination of the impact of vegetation on channel form and flow
velocity at a general level using broad vegetation categories or indices
incorporated in hydraulic geometry analysis.

3.6 SUMMARY
Though complex in detail, vegetation along four study streams in the
Illawarra region of southeastern Australia can be categorised and even
indexed as has been done by Andrews (1984) and H e y and Thorne (1986).
Hydraulic geometry analysis has found that the variations in
vegetation cause the hydraulic geometry exponents of the study streams to
differ significantly from one stream to another. The values of hydraulic
geometry exponents for the combined data from all of the study streams
mask differences between individual streams. Even for these pooled
relationships only the exponents for average depth in sand-bed channels
and for velocity in gravel-bed channels lie close to the modal values
obtained from world-wide data. The exponents for width in both sand-
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bed and gravel-bed channels are extreme outliers. It is noteworthy that i
the Illawarra streams width is the parameter most responsive to the
effects of bed and bank vegetation.
The influence of channel vegetation on hydraulic geometry relations
is examined using a commonly recognised invariant exponents model. In
the gravel-bed channels it is shown that dense bank vegetation does
influence channel width significantly, a result consistent with studies by
Andrews (1984) and by H e y and Thorne (1986). However, it is
recognised that sediment composition can affect bank stability which in
turn m a y influence the vegetation that colonises the bank (e.g. H u p p and
Simon, 1991; Nanson, et al, 1995; H u p p and Osterkamp, 1996). Banks
m a d e stable by resistant sediment will support a different type of
vegetation compared to unstable banks. Regardless, however, vegetation
remains a useful index of bank strength, either directly or indirectly.
In the sand-bed portion of these channels, a partially vegetated
channel bed can cause a significant increase in channel width and a
decrease in flow velocity, without causing m u c h change in depth. D u e to
an increase in channel roughness, the vegetated bed retards channel flow,
and shrubs growing on the bed deflect the flow onto the banks causing the
channel to widen. It appears that channel roughness due to vegetation is
an important factor influencing hydraulic geometry, a condition observed
in the case of certain arid environment streams (Dunkerley, 1992).
In terms of the width relationships obtained in this study and those
obtained by Andrews (1984) and H e y and Thorne (1986), this study
roughly analyses the sensitivity of channel response to vegetation
variation. It is indicated that the possible range of variation in channel
width caused by bank vegetation is less than that caused by channel bed
vegetation. These two act in opposite directions, however, the influence
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of bank vegetation on channel width, in certain circumstances, can be
overridden by that of channel bed vegetation, resulting in wider channels.
This probably partly explains w h y small forested streams characterised
by vegetation obstructions in the channel are commonly wider than those
streams running unhindered through a grassland channel (e.g.
Zimmerman, et al, 1967; Murgatroyd and Ternan, 1983).
This study emphasises the use of a hydraulic geometry model to
identify the role of vegetation in influencing channel form and flow
velocity. However, it also indicates that the model which uses flow
discharge and vegetation as the only independent variables to achieve this
goal is limited, particularly for understanding of the role of vegetation in
influencing channel depth and velocity. These streams are re-examined in
Chapter 5 in the context of a multivariate model of channel geometry
developed in Chapter 4.
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ANALYSIS: PART TWO
DEVELOPMENT OF AN
APPROPRIATE MODEL

CHAPTER 4
A PHYSICALLY BASED MULTIVARIATE
MODEL OF HYDRAULIC GEOMETRY

4.1 INTRODUCTION

Flow mechanisms are the motive power for the construction of th
geometry of alluvial channels. However, it is beyond present knowledge
to provide practical useful relations from a direct mathematical analysis
of the mechanisms. To avoid this difficulty, as well as to avoid the
application of pure empiricism, a semi-theoretical semi-empirical
approach is employed here to obtain understanding and prediction of the
general form of alluvial channel geometry.
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In this chapter a model is established that lays a soundly based
foundation for explanation of the physical mechanisms controlling
alluvial channel geometry, a model based largely on consideration of the
interaction between channel shape and boundary shear distribution.
Because there are difficulties in obtaining a direct solution of this
interaction for active sediment-transport channels, the establishment of
this model is forced to employ a quantitative relationship developed from
flume experimental results (Knight, 1981; Knight, et al, 1984; Flintham
and Carling, 1988; Knight, et al, 1994) but found in this study to be
applicable in some instances to alluvial channels, particularly to stable
canals. Taking into account the major form of this experimental
relationship with flow continuity and flow resistance relations, this model
shows that the hydraulic geometry of alluvial channels is determined, not
only by flow discharge, but also by channel slope, channel average
roughness and bank strength.
T o illustrate the w a y these multivariate controls work, this model
analyses 529 sets offieldobservations, involving stable canals in the U. S.
A. and natural rivers in the U. K. and the U. S. A.. It is demonstrated
using the least-squares technique that this model fits the collected
observations very closely w h e n the exponents of flow discharge in the
power relations that relate channel width, depth, cross-sectional area and
average velocity to three hydraulic variables (flow discharge, channel
slope and average roughness) take values as simple as 0.5, 0.3, 0.8 and
0.2, respectively. Because of the close relationship between these values
obtained here and those hydraulic geometry exponents most frequently
observed (Park, 1977; Rhodes, 1987) (Fig. 2.1 in Chapter 2), in addition
to the quantity, quality and range of the field data used here, and the
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physical logic of this model, it is believed that this model represents a
more general form of downstream hydraulic geometry.
Furthermore, this model argues that the difference between regime
theory for stable canals and the hydraulic geometry for natural rivers is
caused mainly by variations in channel slope, average roughness and bank
strength, and that the influences of these three factors can be regarded as
constants only in certain canals. The close relationship between discharge
and channel average roughness observed in canals is not repeated in
natural channels, partly because of the variety of flow values used to
define the channel-forming discharge. This model also indicates that the
effects of bank strength on hydraulic geometry are significant,
particularly in natural rivers, and that this needs further investigation.

4.2 PHYSICAL MECHANISM CONTROLLING CHANNEL
GEOMETRY
Natural rivers constantly seek to maintain a balance between their
ability to transport water and sediment and the load provided from their
drainage basin. A s a result, the equilibrium geometry of straight channels
exhibits stable banks and yet a transport-active bed. Stable banks mean
that the flow forces acting on the banks are not sufficient to cause bank
material to move, while a sediment-transport active bed means that the
flow forces acting on the channel bed are capable of moving bed material.
For different water and sediment loads imposed, the flow forces acting on
banks and bed vary and cause a redistribution of flow shear stress along
the channel perimeter, thus resulting in a large range of variation in
channel geometry as observed in natural rivers.
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Channel shape and the distribution of boundary shear stress along the
wetted perimeter are closely related, a phenomenon which has been long
recognised, not only in fixed-wall flumes but also in alluvial channels
(Lane, 1935, 1953, 1955; Replogle and C h o w , 1966). Theoretically, this
relationship can be described very effectively by the longitudinal
component of vorticity in the Navier-Stokes equations for turbulent flow,
incorporating the influence of the pattern and number of secondary flow
cells (e.g. Schlichting, 1979; Knight, et al, 1994). However, to provide
practical useful relationships from direct mathematical analysis of the
mechanisms appears to be extremely difficulty, even though attempted by
Parker (1978a,b, 1979) and Ikeda and Izumi (1990, 1991) for selfformed alluvial channels. A possible solution does exist but it is applicable
in certain simple circumstances only, such as in channels with coarse
alluvial boundaries and close to "threshold channel" condition as defined
by Lane (1935, 1953, 1955), Henderson (1963, 1966) and Li, et al
(1976).
Numerous hydraulic engineers have explored alternative approaches,
such as accumulating actual boundary shear stress data from numerous
flume experiments in order to obtain a visual picture of some of the
general characteristics of the flow mechanisms (e.g. Ghosh and Roy,
1970; Kartha and Leutheusser, 1970; Knight, 1981; Knight, et al, 1984;
Knight and Patel, 1985; Knight, et al, 1994), or by way of numerical
analyses (e.g. Knight, et al, 1990). Knight (1981), Knight, et al (1984),
Knight and Patel (1985) and Flintham and Carling (1988) obtained a
quantitative relationship between channel shape and boundary shear
distribution illustrating the variation in average shear stress acting on
both banks and bed rather than the variation of shear stress at each point
of the wetted perimeter. This relationship incorporates both subcritical
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and supercritical flow conditions as well as spanning channel shapes wi
W/D

ratios of 0.1 to 20 in rectangular flumes, and has been found to be

useful in dealing with m a n y river-related practical problems (Knight et
al, 1994). Hence, it should have application in determining the general
form of alluvial channel geometry.

4.3 FLUME RELATIONSHIP BETWEEN CHANNEL SHAPE
A N D BOUNDARY SHEAR DISTRIBUTION
As summarised by Knight, et al (1994), there are many experimental
results for channel shear distribution and all indicate that it is closely
related to the shape of the cross-section. Given that Tw and ~fb are the
mean shear stresses acting on a unit length of walls and bed, and that Pw
and Pb are the total wetted perimeter of walls and bed respectively, the
shear forces acting on channel side walls (SFW), bed (SFb) and the whole
boundary (SFt) are therefore equal to:
SFW = TW-PW (4-1)
SFb = Tb-Pb

(4-2)

SFt = SFW + SFb = pgAS

(4-3)

where p = fluid density, g = acceleration due to gravity, A = channel
cross-sectional area, and S = energy gradient.
This was originally found by Knight (1981), Knight, et al (1984),
Knight and Patel (1985) for smooth rectangular and square flumes and
closed ducts, and by Flintham and Carling (1988) for smooth rectangular
and symmetrical-trapezoidal flumes. T h e relationship between the
percentage shear force acting on the side-walls (%SFW) and the channel
shape factor (F) is in a generalised form such that:
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%SFw=exp(a,) (4-4)
where
%SFw=SFw/SFt-100

(4-5)

a* = - Q • log10(F + C2) + C3

(4-6)

In their analyses, a different channel shape factor (F) has been used,
the distributed values of coefficients Q , C 2 and C 3 are listed in Table
4.1. It can be seen from the table that no significant difference exists in
the corresponding values of these coefficients for different channel shape
factors. This can be explained by the fact that both the factor
(W/D + 3.0) for rectangular flumes and the factor (2W/D + 3.0) for
closed rectangular ducts can be generalised as 2(Pb/Pw +1.5). That
means that a similar channel shape factor has actually been used by these
researchers.

Table 4.1
Values of coefficients in Eq. (4-6) for different channel cross-section
types
Channel
cross-section
type

Channel
shape
factor F

Coefficients

Source

Q

C2

Q

Open flumes
(rectangular)

W/D

3.230

3.0

6.146

Knight (1981) and
Knight, et al (1984)

Closed ducts
(rectangular)

2W/D

3.253

3.0

6.189

Knight and Patel
(1985)

5.175

Flintham and
Carling (1988)

Open flumes
(trapezoidal)

Pb/Pw

3.230

1.5
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Probably, the most important finding from these experimental
results is the relationship between channel shape factor and the ratio of
shear stress acting on the walls ( T ^ ) to channel two-dimensional shear
stress (pgDS). Assuming the channel is of a rectangular cross-section,
that is Pb = W and PW=2D,

substituting Eqs. (4-1), (4-3), (4-6) into

Eqs. (4-4) and (4-5) and rearranging yields:
W
C3

^^ = —
^
pgDS
2-100 (K + c )ci/lnl°
W
W h e n the channel is very wide and shallow, ie. — » C

(4_7)

2

, this relation

may be simplified to:

%
pgDS

ec*.^1.0-cyimo
,W
2-100

(4_8)

D

It can be observed from Eq. (4-7) that a complicated relationship
generally exists between channel shape factor (W/D) and the ratio of
channel shear stress. Fig. 4.1 shows this relationship when the values of
the coefficients are assumed to be consistent with those listed in Table 4.1.
In this figure, lines A and B correspond to Eqs. (4-7) and (4-8),
respectively. From line A, it can be found that where W/D is less than a
value of about 7.0, the ratio increases with increased W/D. W h e n W/D
is greater than about 7.0, the ratio decreases with increased W/D. This
complicated relation is explained as the effect of secondary flow (Knight,
1984).
It can also be seen from lines A and B that the simplification of Eq.
(4-7) can only be conducted where W/D has a very large value, more
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than 50 in this case. In Fig. 4.1, lines C and D also correspond to
7) and (4-8) respectively, but Q for the two lines is assigned a larger
value (7.67) (this value is for natural rivers and is analysed in the
following section), and the values of other coefficients in Eq. (4-6) are
held constant as for rectangular flumes. It can be seen from the two lines
that the simplification of Eq. (4-7) can be made acceptable in this case
when W/D has a large value, more than 50.
In addition, it has been found that the relative roughness of the
channel bed to that of the channel side-walls plays a significant role in the
relationships represented by Eqs. (4-4) and (4-6). Knight (1981) found
that the relative roughness has an effect mainly on C 3 , while Flintham
and Carling (1988) argued that the relative roughness has an effect on
both C2 and C 3 in Eq. (4-6). Undoubtedly, these inconsistent results
make it difficult to provide a clear definition for C 2 but it is only known
from all of these results that C2 is positive (Table 4.1).
These experimental results involve both subcritical and supercritical
flow conditions, as well as a great range in the channel shape factor (F),
for rectangular flumes from 0.1 to 20 for W/D. Although some
inconsistent results appear in the expressions for C 2 , the relationship
represented by Eq. (4-7) might have some application in alluvial channels
and the following part of this chapter will test this.
This experimental relationship, ie. Eq. (4-4), has already attracted
the attention of river scientists. However, Millar and Quick (1994)
directly employed this experimental relationship in their analysis of
alluvial channel geometry without doing any test with regard to the
applicability of this relationship to self-adjusting alluvial channels. Such
direct use may be problematic for the flow mechanisms of flumes and
natural alluvial channels are generally known to be different. As its first
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task, this study examines the applicability of this experimental
relationship to alluvial channels.

4.4 APPLICABILITY OF THE FLUME RELATIONSHIP TO
ALLUVIAL CHANNELS
4.4.1 GENERAL DESCRIPTION
For flume flow, channel shape is fixed, thus the boundary shear
distribution is determined. In natural alluvial channels, conditions are
quite to the contrary. Channel shape is controlled by boundary shear
distribution which is determined so as to accommodate the transport of
water and sediment imposed on the channel. Hence, some changes in Eq.
(4-7) are necessary in order to apply it to natural alluvial channels. The
following analyses are conducted based on the assumption that the alluvial
channel is of a rectangular cross-section, and the channel banks are in a
critical state for sediment movement, in accordance with the selfadjusting mechanism of alluvial channels. That is, the mean shear stress
acting on the banks, f w , is equal to the critical tractive force for the
movement of bank material, tcbk, as:

Eq. (4-7) can then be rearranged as:

(—

+ C

2>

DS=C,-^-^

(4-10)
D

where
C_-2-10°->* (4-1D
p-g-e

3
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Eq. (4-10) is the representation of Eq. (4-7) in natural channels.
However, it might be noted from Fig. 4.1 that this equation presents a
very complicated relationship between channel two-dimensional shear
stress factor (DS) and the channel shape factor (W/D).

There are

problems in obtaining the values of the coefficients and exponents in Eq.
(4-10) w h e n the equation is directly fitted to field data from alluvial
channels. For convenience, this equation is rearranged in the following
simple form:

W/D = A0(WS)J -Al (4-12)

where A0=Q"1'1°/Cl (4"13)
A, = C2

(4-14)

J = lnl0/Cl

(4-15)

There are two coefficients (AQ and A{) and one exponent (J) in Eq.
(4-12). The critical tractive force for the movement of bank material,
xcbk, reflects the banks' strength or their ability to resist erosive forces,
and is determined by the sediment forming the channel boundary in a
non-vegetated homogeneous section. It can be inferred from Eqs. (4-13)
and (4-11) that the value of AQ is inversely related to channel bank
strength as follows:
AQ=A2-r;bJk

(4-16)

where coefficient A2 is determined by

,c3 V

A2= \BiL
1

2-100

(4-17)
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According to the flume experimental results in Table 4.1, J seems to be
constant and so is A 2 , for C 3 can be regarded as constant in flume
experiments (Table 4.1). The mechanisms influencing Al are not clear at
this stage.

4.4.2 STABLE CANALS
The hydraulic characteristics of stable canals have been studied
exhaustively by m a n y researchers, and the data used by these researchers
have proved to be reliable for predictive purpose. Data from several
irrigation canals in India and the U. S. A are assembled from Chitale
(1966) and Simons and Albertson (1960) (Table 4.2). A test of the
applicability of Eq. (4-12) to these canals has been conducted by adjusting
the value of / between 1.0 and 0.1, and the results are listed in Table 4.3.
In this test, stable canals have been categorised into sand canals and gravel
canals, and channel width and depth have been deployed as canal average
width (W) and average depth (D), respectively.
It can be seen from Table 4.3 that a high correlation coefficient is
obtained over the whole range of the variation of /. In spite of this, only
those with both relatively high correlation coefficients and positive A{
values are considered to be physically reasonable in this study. This is
because of the positivity of C2 as pointed out in the above section and the
relationship represented by Eq. (4-14). Although the highest correlation
coefficients for both sand and gravel canals appear when J = 0.4, / = 0.3
(or a value between 0.25 and 0.35) is chosen for use in this study because
the value of Ax in Table 4.3 is very close to 0.0 in gravel canals when
/ = 0.4 (Table 4.3). J = 0.3 corresponds to the case where Cx in Eq. (46) is equal to 7.67, which is obviously larger than 3.23 generally
observed in flumes (Table 4.1). The physical mechanism concerning the
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difference is not clear but might relate to the effects of secondar

which generally develops more fully in alluvial channels than in fl

Table 4.2
Data sources for testing the relationship between channel shape and twodimensional shear stress
Gravel canals
Sets of data
Location

Sand canals
Sets of data
Location
Lindley's Lower
Chenab canal, India

35

Sind canals, India

33

Irrigation canals,

24

U. S. B. R.

14

canals, U. S. A.

U. S. A.
Total: 14

Total: 92

Table 4.3
The relationship W/D = AQ (WS)J - Ax in both sand and gravel canals
for different values of J
Gravel canals

Sand canals

Exponent
/

A)

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

2027.655
1323.89
866.536
570.345
379.351
256.867
179.332
132.222
108.614
117.853

A
-4.972
-4.189
-3.219
-1.989
-0.374
1.851
5.135
10.533
21.213
53.013

* r = correlation coefficient

Y tffi

A)

A

0.8567
0.8698
0.8809
0.8897
0.8963
0.9004
0.9021
0.9015
0.8985
0.8934

211.595
164.489
128.981
102.311
82.459
68.029
58.153
52.727
53.465
71.838

-6.594
-6.052
-5.375
-4.504
-3.345
-1.727
0.693
4.714
12.732

I 36.736

y. SjS

0.8533
0.8555
0.8573
0.8584
0.8589
0.8586
0.8573
0.8551
0.8518
0.8473
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Fig. 4.2 is plotted with the results when J is equal to 0.30. It can be
seen from this figure that two types of canal, with a sand or gravel
perimeter, have different coefficients AQ and Alt and regression results
are:
Sand canals (line A in Fig. 4.2):
W/D = 132.222(W5)0-30 -10.533 (4-18)
r = 0.9015
Gravel canals (line B in Fig. 4.2):
W/D = 52.121(WS)030 - 4.714 (4-19)
r = 0.8551
where W = canal average width (m), D = canal average depth (m), and
S = canal gradient

(mlm).

D u e to the limitation of available data, the above analysis is very
rough, but it still demonstrates the existence of the relationship
represented by Eq. (4-12) in alluvial channels. It can also be seen from
Eqs. (4-18) and (4-19) that the values of A x seem to vary over nearly the
same range as that of A Q . A s A ) is inversely related to bank sediment size
or simply channel boundary sediment composition for non-vegetated
homogeneous section [Eqs. (4-11), (4-13) and (4-16)], it might be
inferred that both coefficients are determined simply by sediment
composition, as considered here.
W h e n canal average width (W) and canal average depth (D) are
replaced by channel surface width ( W ) and channel average depth (D),
respectively, the same kind of variation is recognisable from Fig. 4.3.
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Fig. 4.2 Best-fit results for the relationships between channel
shape factor (W/D) and channel shear factor (WS)
in stable canals (lines A and B for sand and gravel
canals respectively)
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4.4.3 NATURAL RIVERS
Channel geometry observations from a total of 529 sites from many
natural rivers in the U. S. A. and the U. K. represent a wide range of
geographical regions (Table 4.4) and are tested in this section. The test of
the applicability of Eq. (4-12) to these regions indicates that the
correlation between W/D

and WS is very poor except in the case of

Schumm's (1960) data plotted in Fig. 4.4. S c h u m m provided 90 sets of
data, but only 35 are used here because these include both channel
gradient and mean annual flood discharge. The relation for Schumm's
data is plotted in Fig. 4.4 and can also be expressed as a regression
relationship:

W/D = 145.272(WS)030 -29.242 (4_20)
r = 0.88
where W = channel width (m), D = channel average depth (m), and S =
channel gradient (m/m).
Comparing the values of coefficients in Eq. (4-20) to those in Eqs.
(4-18) and (4-19), it can be found that the value of Ax in Eq. (4-20) is
much larger than those in Eqs. (4-18) and (4-19), which seems odd. This,
along with the poor correlation between W/D

and WS in many rivers,

could be explainable in terms of the results presented in Figs. 4.2 and 4.3.
In stable canals, channel boundary sediment composition is rather
homogeneous and could be simply categorised into two types: sand or
gravel. However, the sediment composition in natural rivers is m u c h
more complicated. It usually differs between the banks and the bed. It
commonly varies well beyond simple sand and gravel, and is affected to a
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large degree by vegetation (e.g. Schumm, 1960; 1968; Osterkamp and
Hedman, 1980; Andrews, 1984; Hey and Thorne, 1986; Thorne, 1990).
A s a consequence, the variations of AQ and Ax are over a large range, and
result in a poor correlation between W/D

and WS. This means that Eq.

(4-12) can be directly applied only to those rivers where channel
sediment composition is known at this stage. In addition, as this study has
also found, as discussed below, that the roughness of natural rivers has a
significant influence on the relationship.
Although these analyses show that the direct application of Eq. (412) to natural rivers is not possible at this stage, the idea that the channel
shape factor (W/D) is closely related to the shear stress factor (DS) in
natural rivers can still be drawn from what has been achieved. This
notion is found here to be very useful in analysing the hydraulic
geometry of alluvial channels.

4.5 THE HYDRAULIC GEOMETRY OF ALLUVIAL CHANNELS
Earlier, the most suitable value of / in Eq. (4-12) was shown to be
about 0.3. This means that the value of Cl in Eqs. (4-7) and (4-8) is equal
to 7.67. It should also be noted from Eqs. (4-18) and (4-19) that the value
of Ax in Eq. (4-12) is larger than 3.0, but limited in range. Hence, Eq.
(4-12) can be simplified as:

W/D = AQ(WS)J

(4-21)

or
D = —Wl°-JS-J
AQ

(4-22)
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Since the channel shape factor (W/D) of alluvial channels in most cas
greater than 5.0 (Figs. 4.2, 4.3 and 4.4), Lines C and D in Fig. 4.1 show
this simplification to be acceptable to some extent.
The channel flow should follow the continuity equation as:
Q = WDV (4-23)
where V is the average velocity, which could be computed from the
Manning's equation:

1 - V = -D3S2
n

(4-24)

where n is Manning's roughness coefficient.
Combining Eqs. (4-22) to (4-24), the following relations can be
obtained:
5.0 3.0 57-1.5

W = A ) - 5 / (nQ)*~5J S *~5J

(4-25)

3.0 3(1.0-7) 1.5(1.0+7)

D = AQ 8"5y (nQ) *~5J S

8 5/

~

(4-26)

2.0 3(2-7) 3.57-3

A = A*~5J(nQ) *~5J S 8"5y

(4-27)

2.0 3(2-7) 2(1.0-7) 3.57-3.0

V = AQ%~5Jn

*~5J Q

8_57

S

8 5/

"

(4-28)

8.0 37 6.57

W/D = A*-5J (nQ)*'5J 5 8 " 5 J

(4-29)

It can be seen from Eqs. (4-25) to (4-29) that the exponents in these
power relations are determined by J in Eq. (4-12) or in Eq. (4-21). In
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terms of the range of values of J between 0.25 and 0.35 found in stable
canals, the above equations can be expressed as:
W = Ao0'741-0-80

(nQ)°-444~°-480

^.037-0.040 (4_3())

D = A Q " 0 - 4 8 0 - ^ - 4 4 4 ( n Q ) 0 3 n ~ 0 3 3 3 s- 0 - 324 " 0 - 278
A = AQ0291~0320

( n Q ) 0 j n ~ 0 J 9 2 S-°364~^315

y _ .-0.320~0.297 -0.792—0.778^0.208-0.222^0.315-0.364

(4-31)
(4-32)
(4.33)

W/D^Ao1-185-1-280^^)0-111-0-168^0-241-0-364 (4-34)
where AQ has a relationship with the critical shear forces for the
movement of bank material, Tcbk, as

^o - ^•25-°-35» (4-35)
Because the critical shear force for the movement of bank material,
zcbk, embodies the strength of channel banks, the above relations indicate
that the hydraulic geometry of alluvial channels is determined by four
factors: flow discharge, channel slope, channel average roughness and
bank strength. The summary of the "world-wide" variations of hydraulic
geometry exponents conducted by Park (1977) and Rhodes (1987) showed
that the downstream variations of exponents _>, / and m in bivariate
relations W°cQb,

DocQf

and V<*Qm

fall most frequently in the

ranges of 0.4-0.5, 0.3-0.4 and 0.1-0.2, respectively. B y comparing these
commonly observed results to the above equations, it is interesting to note
that the exponents of flow discharge (Q) in Eqs. (4-30) and (4-31) are
consistent with these most frequently observed, and that the exponent of
flow discharge in Eq. (4-33) is just a little larger than the most frequently
observed only in terms of flow discharge. This means that the hydraulic
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geometry represented by the above equations represents a more general
condition; the hydraulic geometry represented by bivariate relations
W <=c Q , D oc Qf and V °c Qm as advocated by Leopold and Maddock
(1953) is just the simplified case where the effects of channel slope,
channel average roughness and bank strength are ignored.
However, in Eq. (4-12), / might be a constant in alluvial channels as
pointed out in the above section. This means that the exponents in Eqs. (430) to (4-34) might also be constants rather than ranges. T o determine the
exact values of these exponents, 529 individual observations listed in
Table 4.4 are analysed in this study by way of a multivariate regression.
The ranges of these observations are: 0.76<W<424.0, 0.05<D<17.2,
0.038<A<7396.0, 0.4<g<4941.0 and 0.000058<S<0.076 (SI units). A s
this data set is very large and over a wide range, it can be expected that
the effect of bank strength on the exponents in Eqs. (4-30) to (4-34) could
be excluded or minimised.
Table 4.5 shows the correlation coefficients for different
combinations of the power relations relating channel characteristics to
hydraulic variables using all 529fieldobservations. It can be noted from
this table that the bivariate power relations between channel
characteristics and flow discharge for all 529 field observations are not
particularly highly correlated, but a very good correlation [other than
that relating to (W/D)] can be achieved where three hydraulic variables
(flow discharge, channel slope and channel average roughness) are used.
It can also be noted from Table 4.5 that in all the power relations,
except that relating to channel shape factor (W/D), flow discharge is the
dominant factor. This explains w h y hydraulic geometry has been found to
be largely determined by flow discharge in most geographical regions. It
can also be seen from Table 4.5 that channel roughness is the second most
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important factor in determining these power relations, while the
significant effect of channel slope on channel characteristics, particularly
on channel cross-sectional area, average velocity and average depth, can
only be embodied after channel roughness is considered. The physical
mechanism of this phenomenon is not clear at this stage.

Table 4.4
Data sources for the analysis of hydraulic geometry
Channel location

Sets of data

Data source

Discharge used

San Luis Valley Canals,

14

Chitale (1966)

Steady discharge

Irrigation canals, U S A

24

Simons and
Albertson (1960)

Steady discharge

Stable channels, U K

62

Hey and Thorne
(1986)

Bankfull discharge

Naturalrivers,U S A

35

S c h u m m (1960)

Mean annual flood
discharge

Rivers in Central
Pennsylvania, U S A

118

Brush (1961)

Rivers in Colorado,

24

Andrews (1984)

252

Osterkamp and
Hedman (1982)

USA

Discharge with 2.3
years' return frequency
Bankfull discharge

USA
Rivers in the Missouri
River Basin, U S A

Discharge with 2 years'
return frequency

Total: 529

The comparison of the variations of correlation coefficients
displayed in Table 4.5 reveals that the effect of both channel roughness
and slope on width is not as significant as that on channel depth, crosssectional area and velocity. This explains w h y the bivariate relationship
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between channel width and flow discharge, ie. W<*Qb, is generally
observed to be relatively stable.

Table 4.5
Correlation coefficients for different combinations of the
power relations relating channel characteristics to hydraulic variables
Hydraulic
variables

Q
(nQ)
Q, n
Q,S
(nQ), S
Q, S, n

Channel characteristics
V
D
A

W
0.8329
0.8719
0.9171
0.8333
0.9248
0.9332

0.7279
0.8996
0.9055
0.7345
0.9510
0.9566

0.8387
0.9400
0.9654
0.8408
0.9957
0.9960

0.2461
0.3814
0.8868
0.2849
0.4009
0.9875

W/D
0.4557
0.3202
0.4562
0.4612
0.3436
0.4639

Table 4.6
Values of coefficients and exponents for the best correlations shown
in Table 4.5
Channel
characteristics

Coefficients

Width (W)
Depth (D)
Area (A)
Velocity (V)

4.059
0.427
1.733
0.576

Q
0.501
0.299
0.800
0.200

Exponents
n
0.355
0.383
0.738
-0.738

S
-0.156
-0.206
-0.361
0.362

Table 4.6 gives the results of the best correlation of the power
relations relating channel characteristics to hydraulic variables.

hydraulic geometry exponents for the data set used in this study co
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wide range [_>=0.3~0.89, /=0.21~0.63 and m=-0.51~0.29 for relations
WoeQb,

DocQf

and VocQm

as reported by Brush (1961)] which

deviates significantly from those most frequently observed (Park, 1977;
Rhodes, 1987, Fig. 2.1 in Chapter 2), it can be seen from Table 4.6 that
the exponents of flow discharge in the power relations relating channel
width, depth and average velocity to three hydraulic variables (flow
discharge, channel average roughness and channel slope) are exactly 0.5,
0.3 and 0.2 respectively. These simple values are encouraging because
they are very close to the hydraulic geometry exponents most frequently
observed w h e n flow discharge is used as the sole independent variable
(Park, 1977; Rhodes, 1987; Fig. 2.1 in Chapter 2). The comparisons of
channel width, depth and cross-sectional area predicted from Table 4.6
with those measured are plotted in Figs. 4.5, 4.6 and 4.7. For the 529
field observations, the relationships vary somewhat. There is nearly
perfect agreement with cross-sectional area, a little scatter in depth, and
moderate to considerable scatter with width. This variation is probably
explained by the influence of bank strength, or simply channel sediment
composition, for a non-vegetated homogeneous section. It is analysed
simply in the following section and is detailed in Chapter 5.
Although these results are obtained by way of statistical analysis, the
effects of channel slope and average roughness on channel geometry
shown in Table 4.6 are also physically reasonable. For a given flow
discharge, a larger roughness coefficient or a gentler channel slope
results due to flow continuity in a larger channel cross-section (the
product of width and average depth). Conversely, a smaller roughness
coefficient or a steeper channel slope results in a smaller channel crosssection.
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It can be found from Table 4.6 that the exponent values deviate from
those in Eqs. (4-30) to (4-34). This is because those equations are based
on an approximate solution of Eq. (4-12), and also perhaps because all the
analyses of this study are conducted by assuming that the cross-section of
alluvial channels is ideally rectangular in form. This means that
inconsistency in directly using field measurements of irregular crosssections might explain some of the deviation.
In summary, these results show clearly that, as pointed out by
Richards (1982), the hydraulic geometry of alluvial channels is a function
of "multivariate controls", and the values of the exponents listed in Table
4.6 can be regarded as a more general condition of hydraulic geometry.
These results also indicate clearly that the most frequently observed
hydraulic geometry exponents, such as £> = 0.5, / = 0.4 and m = 0.1 in
relations W<*Qb,

D<~Qf

and V<*Qm

as reported by Leopold and

Maddock (1953), are only the simplified cases of the general condition.

4.6 DISCUSSION

4.6.1 REGIME RELATIONS
As described in Chapter 2, regime relations are generally developed
in stable canals by empirical plots of channel characteristics against flow
discharge as power functions. It is commonly found that the values of
exponents in the relations between canal average width, average depth and
average velocity, and flow discharge are as simple as fractions of 1/2, 1/3
and 1/6 respectively (Lacey, 1929-1930, 1933-1934; Blench, 1952,
1957). Although the characteristics of channel morphology used in
regime relations are channel average width (W) and average depth (D)
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which are not totally consistent with channel width (W) and depth (D)
used in this study, these results are close to those obtained in this study
w h e n the effects of channel roughness, channel slope and bank strength
are ignored, and only that of discharge is considered.
Figs. 4.8 to 4.10 illustrate the variations of channel roughness and
channel slope in relation to flow discharge in stable canals and natural
rivers, respectively. It can be seen from Figs. 4.8 and 4.9 that channel
roughness is almost constant in stable canals, but varies greatly in natural
rivers. It is also evident from Fig. 4.10 that the same discharge
corresponds to a great range of channel slopes in natural rivers, but to a
small range in stable canals. This implies that the unknown effects of
channel roughness, channel slope and even bank strength could be used in
analysing regime relations. Stable canals are perhaps best seen as simply
an ideal case of natural rivers.

4.6.2 ROUGHNESS OF NATURAL ALLUVIAL CHANNELS
Manning's roughness n is commonly observed to vary between 0.01
to 0.1 in natural rivers. Unfortunately, it can be noted from Figs. 4.8 and
4.9 that the values of n can extend beyond this range in m a n y cases. It is
c o m m o n knowledge that the variation of Manning's roughness is related
to m a n y factors, such as the conditions of sediment transport, channel
irregularity and channel-boundary composition (e.g. C h o w , 1959).
However, this study argues that the variety of flow values used to define
the channel-forming discharge also partly contributes to the variation of
Manning's roughness. In the treatment of m a n y problems involving the
hydraulic geometry of alluvial channels, geomorphologists and
hydrologists tend to select channel-forming discharges from hydrological
records using for example the mean annual flood or that discharge with
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about a two year return frequency. On the other hand, they directly
measure the channel morphological characteristics in natural rivers, such
as channel width, depth and cross-sectional area. A s the selected channelforming discharges are not the exact discharges that determine the
measured channel morphological characteristics, inconsistencies are
inevitable and have an effect on channel roughness.

4.6.3 ROLE OF SEDIMENT COMPOSITION
Dimensions, such as channel width and depth, are formed by the
interaction between flow action and the resistance of sediment composing
the channel boundary for non-vegetated homogeneous sections. The role
of sediment composition in the hydraulic geometry of alluvial channels
could be reflected by the changes of AQ and Ax in Eq. (4-12), or only AQ
in either Eq. (4-21) or Eq. (4-22). For convenience, this chapter only
discusses the effect of AQ. From Eqs. (4-18) and (4-19), it can be seen
that the value of AQ increases nearly 2.5 times w h e n the sediment
composition of channels changes from gravel to sand. This causes a
nearly two-fold increase in channel width, a nearly 1.5 times decrease in
channel depth, a nearly 1.3 times increase in channel cross-sectional area
and a three-fold increase in channel shape factor (W/D). This implies
that sediment composition has a greater effect on channel shape than on
channel cross-sectional dimensions (channel width, depth and crosssectional area). This might help to explain w h y the scatter in Fig. 4.5 is
more than that in Figs. 4.6 and 4.7. Moreover, this might explain w h y
channel cross-sectional area, depth and width correlate more highly with
hydraulic variables than does the channel shape factor (W/D)
4.5). Seen in this light, it can be understood w h y W/D

(Table

is often found to

be closely related to the sediment composition of the channel boundary
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(e.g. Schumm, 1960), or only to the sediment composition of channel
banks (e.g. Ferguson, 1973). Although simple and only approximate, this
description of the effects of channel boundary sediment composition on
hydraulic geometry does highlight the necessity to incorporate bank
strength into the general form of hydraulic geometry. A s a consequence,
Chapter 5 presents a thorough examination of the influence of bank
strength on channel geometry.

4.7 SUMMARY
On the basis of a large range of flume results concerning the
relationship between channel shape and boundary shear distribution, a
way of showing the relationship between channel shape factor (W/D) and
channel two-dimensional shear stress factor (DS) of alluvial channels has
been derived as:
W/D = AQ(W/D-DS)J -Ax

Investigations indicate that this relationship exists only in some
instances in alluvial canals. The exponent J is found to have a constant
value of about 0.3 in stable canals with sand or gravel perimeter, but this
value is smaller than that obtained in flumes, and the physical mechanisms
are not yet clear. Coefficients AQ and Ax play an important role in the
relationship, and seem to be inversely related to bank strength, or channel
sediment composition for a non-vegetated homogeneous section. In
natural rivers, it is shown that this relationship cannot be directly applied
due to the complexity of channel boundary materials, and perhaps due to
channel roughness as well.
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When Ax is ignored, the incorporation of the above relationship in
the flow continuity and flow resistance equations indicates that channel
characteristics, such as channel width, depth and cross-sectional area, are
determined by four factors: flow discharge, channel slope, channel
roughness and bank strength. It is also shown that the exponents of flow
discharge in these power relations are very close to the hydraulic
geometry exponents most frequently observed only in terms of flow
discharge as summarised by Park (1977) and Rhodes (1987) (Fig. 2.1 in
Chapter 2).
Regression analyses of 529 sets of field observations, involving
stable canals in the U. S. A. and natural rivers in the U. K. and the U. S.
A. with either sand or gravel perimeter, show that the constant values of
exponents of flow discharge in the power relations relating channel
width, depth, cross-sectional area and average velocity to three hydraulic
variables (flow discharge, channel slope and average roughness) are
simply 0.5, 0.3, 0.8 and 0.2, respectively. In view of the consistency of
these results with the hydraulic geometry exponents most frequently
observed as summarised by Park (1977) and Rhodes (1987) (Fig. 2.1 in
Chapter 2), the quantity and ranges of the field data and the physical logic
of the results, this study shows clearly that the hydraulic geometry of
alluvial channels is actually the product of "multivariate controls"
(Richards, 1982).
W h e n the variability of channel roughness, channel slope and bank
strength is not significant, as in stable canals, it is shown that the results
obtained in this study are consistent with regime relations commonly
observed in stable canals. Thus the stable canal can be viewed as an ideal
natural channel.
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In addition, this study argues that the variety of flow values used to
define the channel-forming discharges is usually not consistent with that
flow value which determines the measured channel morphological
characteristics, and this might have an effect on channel roughness.
Finally, this study indicates that bank strength, or channel sediment
composition for non-vegetated homogeneous sections has a significant
effect on hydraulic geometry, particularly on channel shape. This is
consistent with what has been observed by other researchers (e.g.
S c h u m m , 1960), and a detailed analysis of this matter is m a d e in the
following chapter. The role of bank strength on hydraulic geometry
becomes more important w h e n trying to apply hydraulic geometry to
practical problem-solving in fluvial geomorphology
engineering.

and river
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ANALYSIS: PART THREE
DIVERSIFYING AND APPLYING
THE MODEL

CHAPTER 5
INFLUENCE OF BANK STRENGTH ON
CHANNEL GEOMETRY; A QUANTITATIVE
ANALYSIS IN TERMS OF THE TYPE OF
BANK MATERIAL

5.1 INTRODUCTION
This chapter is the first of three dealing with different applications
of the multivariate model of hydraulic geometry developed in Chapter 4,
where it is demonstrated clearly that the geometry of alluvial channels is
controlled by four factors. They are flow discharge, channel roughness,
channel slope and a factor related to the critical tractive force for the
movement of bank materials (an index of bank stability). Employing a
very large range offieldobservations, Chapter 4 provides the following
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best-fit relations which represent a more general form of alluvial chan
geometry (Table 4.6 in Chapter 4):
W = CwQ°-5n0355S^156 (5-1)
D = CDQ03n03*3S^206

(5-2)

A = CA(2a8na7385-°362

(5-3)

The coefficients Cw, CD and CA have average values of 4.059, 0.427
and 1.733, respectively, but according to Eqs. (4-16), (4-17), (4-25) to
(4-29), they relate to the critical shear force for the movement of bank
material, rcbk, as follows:
57

C'W
ocvcbk
rJr5J
w ~

(5-4)

37

Cn - T ^

(5-5)

27

CA oc T.£-*/

(5-6)

in which, 7 can be regarded as a constant between 0.25 and 0.35 (see
Chapter 4). Provided / takes a value as simple as 0.3, the above relations
can then be expressed more clearly as:
Cw - T^23 (5-7)

CD « C

(5-8)

It is seen in Eqs. (5-7) and (5-9) that a larger xcbk and thus a
stronger bank results in a narrower but deeper and smaller channel
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section. On the other hand, a smaller Tcbk and thus a weaker bank
produces a wider, shallower and larger channel section. This agrees with
observations on both irrigation canals and natural rivers (e.g. Blench,
1952, 1957, 1969, 1970; S c h u m m , 1960, 1968; Ferguson, 1973).
These observations not withstanding, considerable difficulties remain
in obtaining reasonable estimations of the strength of natural banks. This
is because, as detailed by Thorne (1990), most alluvial banks are
heterogeneous in composition with materials that exhibit a variety of
erosion resistances due to the presence of boulders, cohesive silt and clay,
or capillary action in the unsaturated zone, or the binding effects of
vegetation roots and rhizomes (see Chapter 3). A s a result, the influence
of bank strength on channel geometry has been studied using an
alternative approach directly analysing the influence of factors that most
reflect the character of bank composition; vegetation and sediment. It has
long been believed that the sediment character is capable of representing
the bank strength in the case of homogeneous non-vegetated banks, so a
silt factor that is in direct proportion to sediment size (but not
considering cohesiveness) appeared in Lacey's (1929-1930, 1933-1934,
1946, 1958) regime theory. For banks that consist of heterogeneous
sediments, the degree of cohesiveness or the categorisation of banks into
several classes becomes important. A s a consequence, a bank-factor was
introduced in Blench's (1952, 1957, 1969, 1970) regime theory, a bank
silt-clay percentage identified in Ferguson's (1973) reanalysis of
Schumm's (1960) data, and banks were grouped into classes by Simons
and Albertson (1960) and Osterkamp and H e d m a n (1980). W h e n banks
are vegetated, the combined effects of both sediment cohesiveness and
vegetation location, type, density and possibly age and health have been
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identified and been categorised by Andrews (1984) and Hey and Thorne
(1986), and in this study in Chapter 3.
A s outlined in detail in Chapter 2, prior studies provide valuable
results in explaining the influence of bank strength on channel geometry,
but only in stable canals has there been a generally accepted method
developed (regime relations). For natural streams, the multivariate model
established in Chapter 4, or Eqs. (5-1) to (5-3), should be useful for this
objective. Because flow discharge and channel slope can be obtained from
field measurements and there are suitable procedures that can provide
relatively accurate estimations of the Manning's roughness for different
channel conditions (Cowan, 1956; C h o w , 1959; Barnes, 1967), the
application of this multivariate model requires only the determination of
coefficients Cw, CD and C A in Eqs. (5-1) to (5-3) for banks of different
strength. While it is very difficult to directly measure bank strength due
to the complex and heterogeneous nature of bank sediment and bank
vegetation, banks can be categorised and related to variations in Cw, CD
and C^ in Eqs. (5-1) to (5-3).
The purpose of this chapter is to relate the multivariate model of
alluvial channel geometry, established in Chapter 4 and represented by
Eqs. (5-1) to (5-3), to the problem of variable bank strength. This
chapter examines quantitatively the available field observations for rivers
and canals in several countries where channels can be or have been
classified into several groups according to their bank properties,
particularly according to the binding effects of bank sediment and
vegetation. The result is a numerical reference for practical use. It is
shown that bank materials strongly influence channel shape but that it has
a minor effect on channel size, with width reacting more responsively
than depth.
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5.2 DATA SOURCES AND BANK TYPES
Data from several sources are utilised in this study. Although these
data have been categorised into groups, some of them are reclassified in
this study according to k n o w n information on bank sediment and
vegetation in order to reflect more accurately the strength of the banks.

5.2.1 DATA FROM GRAVEL RIVERS IN THE U.K.
Detailed field data concerning channel flow characteristics and
channel boundary compositions were collected by H e y and Thorne (1986)
from 62 locations on gravel rivers in the United Kingdom. They
classified bank vegetation into four categories:
A. Grassy banks with no trees or bushes
B.

1-5% tree/shrub cover

C. 5-50% tree/shrub cover
D. > 5 0 % tree/shrub cover
Due to the limited range of bank sediment included in their analysis,
their four vegetation categories reflect almost all the variation in bank
strength. H e y and Thorne (1986) did a regression analysis of these data
and found that bank vegetation significantly affects channel width but they
did not recognise its influence on channel depth and slope [Eqs. (2-45) to
(2-48) in Chapter 2].

5.2.2 DATA FROM STABLE CANALS IN THE U. S.
Field data from 24 reaches of irrigation canals in the United States
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were analysed in detail by Simons and Albertson (1960). Without
considering the variation in bank vegetation, they classified these channels
into four categories: sand bed and banks; sand bed and cohesive banks;
cohesive bed and banks; and coarse non-cohesive banks. These data are
reclassified here to highlight the influence of bank strength according to
the information provided by Simons and Albertson (1960) on both bank
sediment and bank vegetation (Table 5.1):
A. Non-cohesive sand covered with light vegetation;
B. Moderately cohesivefinesediment covered with light
to moderate vegetation;
C. Moderately cohesive or cohesivefinesediment covered with
moderate to heavy vegetation;
D. Gravel and light vegetation.

Table 5.1
Bank classification applied to Simons and Bender's (1960) data
No.
l
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Extent of bank
vegetation
Moderate
Light
Light
Light
Light
Light
Moderate
Light
Light
Light
Light
Light
Light
Light
Light
Moderate
Moderate
Heavy
Moderate
Heavy
Heavy
Moderate
Light
Heavy

Bank
sediment
Moderately cohesive
Moderately cohesive
Cohesive
Cohesive
Cohesive
Cohesive
Cohesive
Non-cohesive
Non-cohesive
Non-cohesive
Non-cohesive
Gravel
Gravel
Moderately cohesive
Moderately cohesive
Moderately cohesive
Moderately cohesive
Moderately cohesive
Moderately cohesive
Cohesive
Cohesive
Non-cohesive
Non-cohesive
Non-cohesive

Bank sediment
d50(mm)

0.098
0.098
0.143
0.166

0.177
0.271

Bank
type
B
B
C
C
C
C
C
A
A
A
A
D
D
B
B
B
B
C
B
C
C
A
A
B
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Simons and Albertson (1960) analysed these data in deriving their
regime theory and they identified the significant influence of different
channel types on channel geometry, although they ignored the influence
of bank vegetation [Eqs. (2-11) to (2-14) in Chapter 2].

5.2.3 DATA FROM GRAVEL RIVERS IN COLORADO
The influence of bank vegetation on channel geometry was also
studied by Andrews (1984) in gravel-bed rivers in the Rocky Mountain
region of Colorado. In theserivers,channel banks are typically heavily
vegetated with trees and dense bushes at higher elevations, whereas at the
lower elevations, the bank vegetation is primarily sparse grass and
bushes. Andrews grouped this variation of bank vegetation into just two
types: thin vegetation (sparse grass and bushes) and thick vegetation (trees
and dense bushes).
However, it can be noted in Table 5.2 that the median diameter of
bank subsurface sediment varies more than seven times, from 5.0 to
36.0mm. This variation m a y also affect bank strength. In terms of the
binding properties of bank vegetation and sediment composition, this
study reclassifies Andrews data into two types (Table 5.2):
A. Banks with thin vegetation and relatively fine gravels;
B.

Banks with thick vegetation and relatively coarse gravels.

Andrews (1984) analysed his data using regression, finding that on
the average, the channels with thick bank vegetation have approximately
the same depth but are 2 6 % narrower than the channels with thin
vegetation [Eqs. (2-36) to (2-43) in Chapter 2].
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Table 5.2
Bank classification applied to Andrews' (1984) data
U S G S station
number (no.)

Station name

Subsurface
sediment ( d-Q

06611900(1)
Little Grizzly Creek above Hebron
06614800(2)
Michigan River near Cameron Pass
06620000(3)
North Platte River near North Gate
07083000(4)
Halfmoon Creek near Malta
07091000(5)
Chalk Creek near Nathrop
09013500(6)
East Inlet Creek near Grand Lake
09018000(7)
Stillwater Creek above Granby Reservoir
09022000(8)
Frazer River near Winter Park
Little Muddy creek near Parshall
09034800(9)
09035900(10)
South Fork Williams Fork near Leal
09036000( 11) Williams Fork near Leal
09074800(12)
Castle Creek near Aspen
09078100(13)
North Fork Fryingpan River above Cunningham
09078200(14)
Cunningham Creek near Norrie
09081600( 15) Crystal River above Avalanche
09112500(16) East River at Almont
09115500(17) Tomichi Creek at Sargents
09124500( 18) Lake Fork at Gateview
09242500(19) Elk River near Trull
09244410(20) Yampa River near Hayden
09249500(21) Williams Fork at mouth near Hamilton
09251000(22) Yampa River near Maybell
09253000(23) Little Snake River near Slater
09257000(24)
Little Snake
River bank
near Dixon
d-, — median diameter
of channel
subsurface sediment; m m .

Bank
vegetation

5.0
19.0

8.0
23.0
19.0

—
...
11.0

—
13.0
17.0
24.0
19.0
15.0

—
36.0
14.0

—
24.0
17.0
22.0

6.7
—
25.0

Thin
Thick
Thin
Thick
Thick
Thin
Thin
Thick
Thick
Thick
Thick
Thick
Thick
Thick
Thin
Thin
Thin
Thin
Thin
Thin
Thin
Thin
Thin
Thin

Bank
type

A
B
A
B
B
1
1
B
B
B
B
B
B
B
?
B
A
?
B
A
B
A
?
B

5.2.4 DATA FROM STREAMS IN SOUTHEASTERN
AUSTRALIA
As detailed in Chapter 3, the four selected Australian streams have
banks:
Gravel-bed channels:
A: N o n vegetated banks;
B: Large trees (>6m high) well down the banks.
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Sand-bed channels:
C: Large trees (>6m high) well down the banks
which on average contain 2 0 % silt and clay (mostly clay)
(Table 3.1 in Chapter 3);
D: Small and large trees (>3m high) well d o w n the banks
with channel beds supporting willows and other shrubs
(<3m high but some of them are higher than bank height),
which living on the sediment containing 4 0 % silt and clay
(mostly clay) on average (Table 3.1 in Chapter 3).
These data were analysed in Chapter 3 using the c o m m o n l y
identified bivariate hydraulic geometry relations. It was shown that
densely vegetated banks form narrower and deeper sections and that the
variation of channel roughness must be taken into account in analysing the
controlling factors of channel geometry, particularly for rivers with a
vegetated channel bed. These data are re-examined here in the context of
the multivariate model developed in Chapter 4.

5.3 QUANTIFICATION OF THE INFLUENCE OF BANK
MATERIAL O N CHANNEL GEOMETRY

5.3.1 METHOD DESCRIPTION
This section examines the ranges of variation in coefficients Cw, CD
and CA in Eqs. (5-1) to (5-3) for different bank types. For convenience,
Eqs. (5-1) to (5-3) are simply expressed as the following linear relations:

W = CW-W

(5-10)
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D = CDD (5-11)
A = CA-A

(5-12)

where
^0.5
0.355
U
s0 l56

W=

.

(5-13)

,,0.3 0.383
D-U 5o.206

(5-W)
n0»

0.738

A' = r-_» = " ^c.362

(5-15)

This means that, if field measured channel width (W), depth (D)
and cross-sectional area (A) are plotted against computed parameters W ,
D' and A' according to Eqs. (5-13) to (5-15), there should be parallel
but separate lines for banks of different types, and the intercepts
(coefficients Cw, CD and CA) for log-log analyses of Eqs. (5-10) to (512) should be an index of bank strength.
5.3.2 DATA FROM GRAVEL RIVERS IN THE U.K.
Fig. 5.1.A,B,C present these data according to the four groups
classified by Hey and Thorne (1986) on the basis of bank vegetation. For
channels with bank vegetation Type A (grassy banks with no trees or
brushes), Cw has an average value of 4.88, with CD and CA of 0.38 and
1.81, respectively. For channels with bank vegetation Type B (1-5%
tree/shrub cover), Cw has an average value of 4.42, with CD and CA of
0.41 and 1.80, respectively. For channels with bank vegetation Type C
(5-50% tree/shrub cover), Cw has an average value of 3.53, with CD and
CA of 0.47 and 1.64, respectively. For channels with bank vegetation
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Type D (> 50% tree/shrub cover), Cw has an average value of 3.22, with
CD and CA of 0.49 and 1.57, respectively. These results demonstrate
clearly that bank vegetation has a significant influence on channel
geometry. A s might be expected, the relative scatter for each group of
data plotted in Fig. 5.1.A,B,C reflects the complicated nature of channel
banks.

5.3.3 DATA FROM IRRIGATION CANALS IN THE U. S.
Fig. 5.2.A,B,C are plotted with these data according to the
classification described here in Table 1 based on the information provided
by Simons and Albertson (1960). It is clear that there are two distinctly
different groups of bank strength with the four bank types. The first
group corresponds to bank Type A (non-cohesive sand without vegetation
cover), with Cw taking the relatively large value of 6.13, CD a small
value of 0.33, and CA a value of 2.0. The second group is related to bank
Types B (moderately cohesive fine sediment covered with sparsely to
moderately dense vegetation), C (moderately cohesive or cohesive fine
sediment covered with moderately dense to dense vegetation) and D
(gravel without vegetation cover), with Cw being 3.78, CD 0.45, and CA
1.68. It appears from Fig. 5.2.A,B,C that the gravel banks (Type D ) have
a similar effect on channel geometry as banks of moderately cohesive to
cohesive fine sediment covered with some vegetation (Types B and C ) .
Furthermore, these results suggest that despite the complexity of the
banks, the effect of the banks varies in a relatively small range so that the
classification of them into only non-cohesive sand, cohesive sand or
gravel might satisfy practical engineering needs, as was recognised by the
staunch supporters of regime theory such as Blench (1952, 1957) and
Simons and Albertson (1960).
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5.3.4 DATA FROM GRAVEL RIVERS IN COLORADO
Fig. 5.3.A,B,C are plotted with data provided by Andrews (1984).
Although Andrews (1984) classified them into two groups only in terms
of bank vegetation and this study re-classified them by considering the
difference in both bank vegetation and sediment size, the difference
between two types of bank strength is not considerable. O n average, Cw,
CD and CA have values of 5.52, 0.36 and 1.95, respectively, for all the
data provided by Andrews.

5.3.5 DATA FROM STREAMS IN SOUTHEASTERN
AUSTRALIA
The data are summarised in Table 3.1 in Chapter 3 and are plotted
here in Fig. 5.4.A,B,C for gravel-bed channels and in Fig. 5.5.A,B,C for
sand-bed channels, respectively.
For gravel-bed channels, it is noted in Fig. 5.4.A,B,C that a large
Cw of 4.5, a small CD of 0.4, and a CA of 1.83 correspond to banks with
no vegetation. While for sparsely vegetated banks, ie. TF<5,

Cw, CD

and CA have average values of 3.0, 0.58, 1.56, respectively. For those
densely vegetated banks, ie. TF>5,

the averaged values of Cw, CD and

CA are 2.2, 0.63 and 1.38, respectively.
For sand-bed channels, Fig. 5.5.A,B,C show that while Cw holds a
large value of 5.0 for banks with vegetation Type C (large trees well
down the banks), it has a small value of 3.2 for banks with vegetation
Type B (both small and large trees well down the banks with channel beds
supporting willows and other shrubs). O n the contrary, the large CD of
0.53 corresponds to banks with vegetation Type B but a small value of
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0.39 to banks with vegetation Type C. For channel size (cross-sectional
area), values of 1.63 and 1.94 can be assigned to banks with vegetation
Types B and C, respectively. Although Fig. 5.5.A,B,C cannot identify the
difference of tree frequency well d o w n banks for the two types of
channels (Table 3.1 in Chapter 3), it can be found in Table 3.1 that banks
with vegetation Type C normally contain relatively low percentage of silt
and clay (average 2 0 % ) but that banks with vegetation Type B have high
percentage of silt and clay (average 4 0 % ) . In other words, it is the
interaction of bank sediment and bank vegetation that plays an important
role in influencing channel geometry.

5.4 RESULT ANALYSIS
The results obtained in the above analysis appear reasonable. The
smallest values of Cw and CA and the largest values of CD occur for the
densely vegetated banks (values of 3.22 for Cw, 0.49 for CD and 1.57
for CA for bank Type D in gravelriversin the U. K., as shown in Fig.
5.1.A,B,C, and values of 2.2 for Cw, 0.63 for CD and 1.38 for CA for
densely vegetated gravel-bed channels in southeastern Australia as shown
in Fig. 5.4.A,B,C). O n the contrary, banks without vegetation cover and
with only non-cohesive sand have the largest values of Cw and CA and
the smallest value of CD (values of 6.13, 2.0 for Cw and CA and a value
of 0.33 for CD for bank Type A in American irrigation canals, as shown
in Fig. 5.2.A,B,C). For gravel banks and the banks with moderately
cohesive fine sediment covered with moderately dense vegetation, Cw,
CD and CA take their medium values.
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Furthermore, the following relationships can be derived from Eqs.
(5-4) to (5-6):
CD = C0-C^6 (5-16)
CA = O n ' Cw

(5-17)

When the detailed processes in the derivation of the relationships of Eqs
(5-4) to (5-6) are traced to Chapter 4, it is apparent that both coefficients
C 0 and C 0 1 have a definite value of 1.0. Although the values of Cw, CD
and CA for each type of bank presented in Fig. 5.1.A,B,C to Fig.
5.5.A,B,C are determined with the statistical averaging technique, Figs.
5.6 and 5.7 show that the theoretical relations of Eqs, (5-16) and (5-17)
fit the statically determined values nearly perfectly. This further supports
the reasonableness of the results obtained here.
Most usefully, the results obtained here can be used to predict the
influence of bank strength on channel geometry using the multivariate
model of alluvial channel geometry established in Chapter 4 [Eqs. (5-1) to
(5-3)]. D u e to limited data sources and the complex nature of bank
strength (Hickin 1984; Gregory and Gurnell 1988; Throne 1982, 1990),
Table 5.3 presents only a summary of the gross ranges of the variation in
Cw, for Cw is the coefficient most responsive to bank type and thereby
can be relatively accurately determined. Once it is determined, CD and
CA can then be computed from Eqs. (5-16) and (5-17).
From Table 5.3, it is apparent that Cw varies more than three fold
(2.0 to 6.5) and consequently it can be determined from Eqs. (5-15) and
(5-16) that CD varies about two fold and CA 1.6 times. This means that
the influence of bank strength on channel width is generally much greater
than on depth and cross-sectional area. This explains w h y most empirical
studies, such as those by Andrews (1984) and Hey and Thorne (1986), can
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only identify the effect on channel width. However, it is apparent from
Eqs. (5-7) to (5-9) that this variation in Cw m a y result from dramatic
changes in bank strength of about two orders of magnitude. This would
explain why, although bank strength has been observed to increase by an
order of magnitude or more due to vegetation (e.g. Smith, 1976; Thorne,
1990), its influence on the hydraulic geometry relations is not that
significant; it is able to obscure the hydraulic geometry relations only in a
case as the small scale of mountain forested streams (e.g. Zimmerman, et
al, 1976).

Table 5.3
Gross ranges of variation in Cw for various bank types
Bank type

Cw

Banks with non-cohesive sand

6.0 ~ 6.5

Gravel banks

4.5 ~ 6.0

Banks with moderately cohesive
sand

3.5 ~ 5.0

Banks with highly cohesive sand

2.5 ~ 3.5

Moderately vegetated and
moderately cohesive sand banks

3.0 ~ 4.0

Heavily vegetated and highly
cohesive sand banks

2.0 ~ 3.0
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5.5 SUMMARY
Although there are problems in providing accurate predictions of
channel bank strength, using the multivariate model of alluvial channel
geometry established in Chapter 4, the influence of bank strength on
channel geometry can be broadly quantified and predicted in terms of
bank sediment and bank vegetation.
A large range offieldobservations collected from several sources in
several countries is illustrated here according to bank character, and the
quantitative influence of bank strength on channel geometry is analysed.
The results appear to be reasonable and can be broadly defined for
practical use. They show clearly that the influence of bank strength on
channel shape is very significant, not only for stable canals but
particularly for natural river channels, and the effect on width is more
than that on depth, while the influence on channel size is very limited.
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CHAPTER 6
ROLE OF SEDIMENT TRANSPORT IN
SHAPING CHANNEL GEOMETRY

6.1 INTRODUCTION
As noted earlier, the multivariate model of hydraulic geometry
established in Chapter 4 assigns channel slope independent status [Eqs. (51) to (5-3)] in contrast to the general belief that it is a self-adjusting
variable. Hence, the purpose of this chapter is to develop generally
acceptable channel geometry relations by replacing channel slope with a
function of bed-material transport. Because there is n o simple widely
accepted sediment transport formula, this study selects several commonly
used formulas to reflect the wide range of relationships believed to define
sediment transport, and it incorporates them into Eqs. (5-1) to (5-3) in
Chapter 5 to derive channel geometry relations for alluvial rivers.
In two ways, the channel geometry relations derived in this chapter
are believed to reflect the principles of channel adjustment in alluvial
systems. Firstly, they present a quantitative description of the effect of
sediment transport on channel characteristics and receive support from
observations and studies based on hydrodynamic principles, such as the
hypothesis of m a x i m u m capacity of sediment transport. Channel crosssection is found to be relatively insensitive to a change in sediment
discharge while slope and velocity are strongly dependent. Only w h e n the
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adjustment of channel slope is severely restrained does an increase in b
material load cause a marked increase in width. Secondly, they enable the
large variations commonly observed in slope-discharge relationships to be
explained as being due to regional interrelationships between water
discharge and sediment transport.

6.2 SELECTION OF SEDIMENT TRANSPORT FORMULAS
There has been much more work done on the development of
sediment transport formulas and users always face a serious problem in
selecting a suitably reliable one. Although no formula can be accepted for
universal application, those such as the Meyer-Peter-Muller, Einstein,
Bagnold, Einstein-Brown, Engelund-Hansen, Kalinske, Ackers-White,
Yang, Karim-Kennedy and Parker et al formulas, have proved successful
in predicting sediment discharge when the conditions are consistent with
those used originally to develop the formulas (e.g. White, et al, 1975;
A S C E Task Committee, 1982; Yang, 1987; Chang, 1988; G o m e z and
Church, 1989; Yang and W a n , 1990). Because of the shortage of a
generally accepted one, this study selects a wide range of sediment
transport formulas in order to reflect the range of possible sediment
transport mechanisms. These formulas are those of Yang, EngelundHansen, Einstein-Brown, Kalinske-Brown, Karim-Kennedy, Bagnold and
Velikanov. That of Velikanov (1954) has not commonly appeared in the
western literature but has received considerable application in both Russia
and China. They were each selected for use in this study not only because
they have been found to produce relatively reliable predictions under
certain circumstances, but also because they exhibit a simple form (power
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function) which can be easily applied to derive channel geometry
relations.

6.2.1 YANG'S UNIT STREAM POWER FORMULA
(YANG, 1973,1976)
Yang's formula expresses sediment transport concentration (C) very
simply as the function of the product of flow energy slope (or channel
slope, (S) and average velocity (V), or flow unit stream power (VS) by

C = ^ = IQ(P-PC)[ P>PC (6-1)

= 0 P<PC
where
P = VS

(6-2)

is the dimensional unit stream power, Pc is the critical dimensional unit
stream power required at incipient motion, Qs and Q are bed-material
and water discharges, respectively. Both coefficient /0 and exponent /
are related to sediment characteristics and flow regime, but / varies
within the limited range of 0.5 to 2.0 (Yang, 1973, 1976, 1984).
The theoretical basis of Yang's formula seems to be related to the
behaviour of energy dissipation offluvialchannels but the justification of
the theory and some of its applications are still not very convincing from
some interpretations (e.g. Griffiths, 1984; Lamberti, 1988, 1992).
Despite this, the relative accuracy of the formula in predicting sediment
discharge recommends it as a good choice, particularly for predicting
large sediment discharges (e.g. A S C E Task Committee, 1982; Yang and
Molinas, 1982, Yang, 1987; Chang, 1988; Yang and W a n , 1990).
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Furthermore, as studied by Blench (1969, 1970), Yang (1971a,b,c) and
particularly Maddock (1969, 1972a,b, 1973, 1976), the flow unit stream
power (VS) is an important parameter related to many aspects of fluvial
processes.

6.2.2 OTHER SELECTED SEDIMENT TRANSPORT
FORMULAS
Appendix IH presents a detailed illustration of the basic forms of
the formulas of Engelund-Hansen (1967), Einstein-Brown (Einstein,
1942, 1950; Brown, 1950), Kalinske-Brown (Brown, 1950), KarimKennedy (1990), Bagnold (1966) and Velikanov (1954). These selected
formulas involve the transport of either bed load (Einstein-Brown and
Kalinske-Brown formulas), or suspended load (Bagnold and Velikanov
formulas), or bed material (Engelund-Hansen and Karim-Kennedy
formulas). Generally, these selected formulas possess the following
simple form:
C=Ki(Dm>Sm2Vm3) (6-3)
For different sediment formulas, coefficient Kt varies and so do
exponents mx, m^ and m3 as shown in Appendix III.

6.3 CHANNEL GEOMETRY RELATIONS
Following Eqs. (6-1) and (6-2) and introducing a sediment
concentration parameter, C', instead of using sediment concentration, C,
directly, Yang's formula can be expressed in the following form:
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C = (—)l/I + PC = VS (6-4)

A)
In terms of flow continuity equation Q = AV and Eq. (5-3), V can be
written as V = CAlQ02n-°mS0362,
thus VS = C-A1Q02n-°J3SS1362.
Therefore, Eq. (6-4) can be written as C = VS =

C^Q^n^^S1362.

W h e n this C - S relationship and the relationships CA = C ^ 4 and
CD = Cwd6 [Eqs. (5-16) and (5-17)] are incorporated into Eqs (5-1) to
(5-3), the following channel geometry relations can be obtained:
W = Cw-Q°-523n021lC'-°n5 (6-5)
D = C'DQ0330n°-211C'-J0A51 (6-6)
A = CAQ0B53n°-542C^266 (6-7)
W/D = (C^/Cb)(20193«a000C'a036 (6-8)
V=C^Q°-141n^-542C0-266 (6-9)
S = C'sQ-O147n0M2C'0J34 (6-10)
where the coefficients are determined by the following relations:
C'w = Cw0M5/CD°-n5 = C°wm (6-11)
C'D = CD0M9/Cw°-l5l=Cw™60
C'A=CW156

(6-12)
(6-13)

C'w/C'D = Cly416 (6-14)
C'v = Crf294

(6-15)

C'S = CW0294

(6-16)
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As illustrated in Chapter 5, because Cy/ is determined by channel
bank strength, Eqs. (6-5) to (6-10) mean that channel geometry and slope
are generally determined by four variables: water discharge, channel
roughness, sediment concentration and bank strength. Because Cjy
normally varies in a limited range of about three fold as shown in Table
5.3, it can be estimated from Eqs. (6-11) to (6-16) that bank strength
exerts a significant influence on channel width, depth and particularly on
channel shape (width and depth ratio), and yet a minor influence on
channel size (cross-sectional area), velocity and slope.
Because the coefficients in Eqs. (6-5) to (6-10) can be quantitatively
determined in terms of Table 5.3 where the typical values of Cw were
suggested according to bank type, these derived relations can be used to
predict channel characteristics w h e n water discharge Q, channel
roughness n and channel bank condition are known, and when sediment
transport can be reliably computed using Eq. (6-1) or (6-4).
The channel geometry relations derived in terms of the general form
of those selected sediment transport formulas listed in Appendix UQ, or
Eq. (6-3), flow continuity equation, the Manning's resistance formula and
Eqs. (5-1) to (5-3) in Chapter 5 are presented in Appendix IV in detail.
The following relations show only the ranges of the variation in the
exponents of flow discharge and sediment concentration:
W oc £)0.521~0.544 £.-(0.070-0.121)

(6-17)

D oc 00.328-0.358 £-(0.092-0.159)

(6-18)

A oc $0,849-0.902 £-(0.162-0.280)

(6-19)

W/D

(6-20)

oc n0-l86-0.193 £0.022-0.038

V oc O a 0 9 8 ~ 0 - 1 5 1 £0.162-0.280

(6-21)
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(6_22)

It is interesting to note that although the six sediment transport formula
differ in form and in particular in their interpreted bed-load, suspended
load and bed material load, these differences influence the exponents of
flow discharge and sediment concentration only to a limited degree. It
seems reasonable that these exponents will have representative values for
use in a wide range of conditions which should not be far from the
following conditions averaged from the six selected sediment formulas:
WocG0.532

D o c

£-0.095

00.343 £-0.125

Aocj2 0.875

£-0.221

^/Doc<2 0 1 90 C 0.030

(6_23)

(6_24)

(6_25)

(6_26)

V o c

£0.124 £0.221

(6_2?)

5oc

£-0-209 £0.611

(6_2g)

By comparing Eqs. (6-17) to (6-28) with Eqs. (6-5) to (6-10)
derived from Yang's formula, it is found that the two sets of relations are
highly consistent in illustrating the effects of sediment concentration and
flow discharge. However, Eqs. (6-5) to (6-10) include sediment
concentration parameter C, which has a complicated relationship with
sediment concentration C as illustrated in Eq. (6-4). Since the exponent /
varies within a limited range, normally around 1.2 (Yang, 1973, 1976),
C

can be regarded as C in qualitative analysis without causing serious

error.
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6.4 ROLE OF SEDIMENT TRANSPORT IN SHAPING
CHANNEL GEOMETRY
6.4.1 QUANTITATIVE ASSESSMENT
It is noted in Eqs. (6-5) to (6-10) that sediment transport affects
channel characteristics greatly. In order to satisfy the requirement of
sediment transport, flow energy is self-adjusted with increasing velocity
and steepening slope for increased sediment transport and vice versa for
decreased sediment transport. A s a direct result, channel geometry is
fully self-adjusted with narrowing and shallowing companying the
increase in velocity and slope, and vice versa. However, sediment
transport seems to have a relatively minor effect on channel shape
(W/D), although Eq. (6-8) shows a tendency of relatively widening and
shallowing for increasing sediment load and vice versa for decreasing
sediment load.
Furthermore, according to the channel geometry relations obtained
in this study, a quantitative assessment of the effect of sediment transport
on each channel characteristic is possible. Provided that bed material
consists of uniform sand with a diameter of 0.35mm, Yang's (1973) study
shows that / in Eqs. (6-1) and (6-4) has a value of around 1.2. W h e n bed
material has a relatively high concentration, this results in P » Pc and
Eq. (6-4) consequently becomes C oc C1/1-2. With these conditions and
w h e n other factors, such as water discharge, bank composition and
channel roughness, are kept unchanged, the bivariate relationship between
channel characteristics and sediment concentration can be derived from
Eqs. (6-5) to (6-10) as:
WocC~°'096

(6-29)
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DocC-0126

(6-30)

AocC-0-222

(6-31)

W/DocC0m

(6-32)

VocCa222

(6-33)

SocCa612

(6-34)

It is seen clearly that Eqs. (6-29) to (6-34) are highly consistent with
the average condition illustrated by the six sediment transport formulas
and shown in Eqs. (6-23) to (6-28).
In terms of Eqs. (6-29) to (6-34), Table 6.1 shows that a ten-fold
increase in sediment concentration can make the channel 2 0 % narrower,
2 5 % shallower, with a cross-sectional area reduced by 4 0 % and a minor
increase in channel shape (W/D) of 7 % . However, the same change in
sediment concentration will be accompanied by an increase in velocity by
6 7 % and slope by 309%.
W h e n sediment concentration varies within a limited range, less than
five times, for example, it can be noted in Table 6.1 that the influences of
such a limited variation in sediment concentration on channel width,
depth and shape are not significant and can be ignored. This is actually
the case for stable canals where sediment concentration is relatively
steady and does not vary greatly and therefore the influence of sediment
concentration on canal width, depth and width/depth ratio can be ignored
without causing significant error. This point is addressed in particular in
Chapter 7 in an attempt to present a physical explanation for regime
theory.
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Table 6.1
Quantitative variations of channel characteristics with
ten-fold increase in sediment concentration in terms of
Eqs. (6-29) to (6-34)
Channel
characteristics

Quantitative variations
(%)

Width, W

-20

Depth, D

-25

Cross-sectional area, A

-40

Channel shape, W/D

7

Velocity, V

67

Slope, S

309

6.4.2 S U P P O R T I V E S T U D I E S
In an attempt to examine the applicability of Lacey's regime theory
to channels heavily charged with sediment, Chien (1956, 1957) conducted
a pure hydrodynamic analysis of the influence of sediment transport on
channel geometry by using Einstein's (1942, 1950) bed-load function on
the condition that channel wetted perimeter, Pw, is determined by water
discharge only. A derivation of the results obtained by Chien is presented
in Appendix V where the following relations are found:
fVR = 0.061 C0715; fRS = 1.18 C0052 (6-35)
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where fVR and fRS are the silt factors in Lacey's regime relations:

¥- = 1.325fVR; Rl/3S2/3 = 0.0052fRS; Pw=2.61 Q1'2 (6-36)
R
Since R ~ D and PW~W, the following relations can thus be derived:

D « 1.2018C -0-2384gl/3

(6_37)
c0.1972

5

m
V

(6-38)

2280.82(2

Evidently, the general trends of the effects of sediment transport on
channel depth and slope displayed in Eqs. (6-37) and (6-38) are consistent
with those in Eqs. (6-30) and (6-34). The differences in exponents of
sediment concentration might be accounted for by Chien's lack of
recognition of the adjustment in channel width and the use of alternative
sediment transport formulas in this study.
With regard to the adjustment of width, Henderson (1966) concluded
on the basis of bed-load formulas that an increase inriverwidth results in
a decrease in sediment transport concentration. Although Bagnold (1977,
1980) and Parker (1979) claimed that an increase in river width leads to
an increase in sediment transport concentration, further examination of
their sediment transport formulas by Carson and Griffiths (1987)
indicated clearly that the increase in width actually causes sediment
transport concentration to decrease.
O n experimental streams, Shahjahan (1970) observed a reduction in
width with increased sediment concentration. Moreover, Ranga-Raju, et
al (1977) found that the cross-sectional dimensions are relatively
insensitive to sediment load, but that channel slope is strongly dependent
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on load when sediment concentration varies mostly over a range of more
than four times (150 - 620ppm).
O n natural rivers, a significant reduction of channel width with
increased bed-material transport rate was noted for constant water
discharge in N e w Zealand (Nevins, 1969) and the United States (SantosCayade and Simons, 1972, Fig. 1-11). This observation is n o w
implemented as a physical guide in "training" broad, braided gravelbeddedrivers(e.g. Pascoe, 1974).
Using a method introduced by Parker, et al (1982) to estimate
sediment discharge Qs for bankfull flow, certain quantitative relations
were also established on British gravelriversby H e y and Thorne (1986)
[Eqs. (2-49) to (2-51) in Chapter 2]. W h e n water discharge is considered
unchanged, the empirical relationships obtained by them can be written
simply as:

WocC"0-01; DocC"002; S~d°10 (6-39)

A similar trend in describing the effect of sediment transport on channel
form is seen by comparing Eq. (6-39) with Eqs. (6-29), (6-30) and (634). The differences in exponents can be accounted for by the limited data
used in establishing Eq. (6-39). The use of different sediment transport
formulas m a y also have some influence.
A comparison between Eq. (6-34) and Qsd$Q ~ QS, a model
proposed by Lane (1955) for predicting channel adjustment, also reveals
the consistent tendency for sediment transport to determine the tendency
of adjustment of channel slope when sediment size is kept unchanged.
Furthermore, it is found that strong support can be gained from the
results recently obtained based on the hypothesis by Farias (1995) of
m a x i m u m efficiency in sediment transport. A s seen in Appendix II,
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Farias established a series of non dimensional regime channel relations
based on pure hydrodynamic principles (the hypotheses of m a x i m u m
sediment discharge on the restrictions of flow continuity, flow resistance
and sediment transport formulations). W h e n the wetted channel perimeter
P and channel hydraulic radius R are represented simply by channel
width W and depth D respectively, Farias' regime channel relations can
be written as the following dimensional forms according to the derivation
shown in Appendix H :

w

^-(0.009-0.104)

(6.4Q)

D

^-(0.022-0.172)

(6.41)

SKC0.504-0.779

(6.42)

where the variations in the exponents of sediment concentration in Eqs.
(6-40) to (6-42) are caused due to the use of different sediment transport
and flow resistance formulas as shown in Appendix II. D u e to the lack of
generally accepted flow resistance and sediment transport formulas,
Farias (1995) analysed six groups of flow resistance and sediment
transport formulas. Importantly, it is seen in Eqs. (6-40) to (6-42) that
the role of sediment transport in shaping channel geometry is consistent
with that illustrated in this study in Eqs. (6-23), (6-24) and (6-28).

6.4.3 CONTRADICTORY OBSERVATIONS
On the alluvial plains of India and the United States, canals and
natural rivers heavily charged with sediment w h e n in flood show a
tendency to adopt broad and shallow sections. This phenomenon also
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appeared in model experiments carried out at the Indian Waterways
Experiment Station where it was noted that meandering commenced when
sediment concentration exceeded about 400ppm (Inglis, 1948). A s a
result, Mackin (1948, p.484) maintained that "the broad shallow channel
is the type of cross-section best adapted for the transportation of heavy
bed-load". Mackin's conclusion contradicts Eqs. (6-17) and (6-18),
however, it has received considerable support from independent studies.
For example, Campbell (1945) and Grant (1950) noted that in the humid
regions of N e w Zealand, destruction of natural forest vegetation on steep
slopes and its replacement with exotic grasses resulted in an influx of
coarse sediment into the channels. Stable, narrow, sinuousriverschanged
to wide, straight channels due to aggradation. Leopold and Maddock
(1953), S c h u m m (1969) and Wilcock (1971) demonstrated that channels
with high width/depth ratios are most conductive to abundant sediment
transport. Friedkin (1945), S c h u m m and Khan (1971, 1972) and Edgar
(1973) (Schumm, et al, 1987) provided experimental evidence that wider,
shallower and steeper channels are closely related to an increase in
sediment discharge. However, there is as yet no quantitative predictive
relationship to support these observations. Only the following qualitative
relations are available for illustrative purposes (Schumm, 1969, 1971a,b;
Santos-Cayade and Simons, 1972; Simons and Senturk, 1992):

Q+ ~ W+DS+; Q- ~ W~D+S~ (6-43)

When flow discharge is taken as a constant, it is obvious that Eq. (6-43
consistent with Eqs. (6-24) and (6-28) for predicting the tendency of the
changes in channel depth and slope but is in a complete contradiction with
Eq. (6-23) for predicting changes in channel width.
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6.4.4 A RESOLUTION
The physical mechanisms resulting in the contradictory effects of
sediment transport on channel geometry are not clear at this stage, but the
comparison of these consistent and contradictory observations suggests
that there is an additional factor which also controls channel morphology.
This factor m a y be related to river channel morphologic conditions as
proposed by m a n y fluvial geomorphologists, particularly S c h u m m
(1972), Kellerhals, et al (1976), Church (1980), S c h u m m , et al (1987)
and S c h u m m and Winkley (1994). In his analysis of the role of channel
slope in influencing channel geometry, Church (1980, p.36) stated that
"there may be strict limits placed on how far slope practically may be

adjusted by the existence of non-alluvial control points along a river, and
even by the overall declivity of the landscape." O n the basis of their
experience with natural and experimentalfluvialsystems, S c h u m m , et al
(1987, p. 161) further concluded that "the effects of both hydrologic and
sedimentologic variables on channel morphology are indeed significant,
but, in addition, morphologic controls are important."
For experimental channels, S c h u m m , et al (1987) recognised the
morphologic controls in the form of initial channel width, the angle of
channel entrance bend, tributary entrance angles, and in particular valley
slope. For naturalrivers,especially large alluvialrivers,the morphologic
controls are often in the form of exposed bedrock, clay plugs, valley
slope and even the existence of paleochannels ( S c h u m m and Winkley,
1994). Under the influence of these morphologic restrictions, the
adjustment of channel cross-section and particularly channel slope to
sediment transport can be severely restrained and therefore m a y not
follow the channel relations derived in this study. This is because the
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relations used here for deriving the channel geometry relations are flow
continuity, flow resistance, channel boundary shear distribution and
sediment transport formulas, and they are purely hydro-dynamically
based. In other words, those channel geometry relations derived here can
be applicable only to channels that are fully adjustable according to
hydrodynamic principles and are not subjected to significant morphologic
controls. This explains w h y the channel geometry relations derived in this
study are highly consistent with those obtained particularly from the
study of Farias (1995). Farias' study is no doubt purely hydro
dynamically based using a hypothesis of m a x i m u m sediment transporting
capacity [which is equal to the hypothesis of minimum stream power as
identified by White, et al (1982)] and the hydrodynamic restrictions of
flow continuity, flow resistance and flow mechanisms for sediment
transport.
T o understand h o w the morphologic restrictions affect channel
morphology, this study conducts a simple analysis of the experimental
results of S c h u m m and Khan (1972) andfindsthat W ~ V 0 5 , D ~ V~15,
S~VhS,
QS~(VS)05
and the resulting relationships
W~Q®36,
D~Q~101,

W/D~QlA3

and S~Qls3. It is evident that the sediment

transport relation Qs ~ (VS) 0 ' 5 is essentially consistent with previously
stated Yang's equation (Qs ~ (VS) 0 ' 5 " 2-0 ). However, the valley slope of
18
experimental streams responds less significantly to velocity (S ~ V ' )
than does the slope derived from the multivariate model established in
this study ( S ~ V 2 7 6 derived from Eq. (5-3) and the flow continuity
relation). This is because the experimental channels were formed by
adding additional sediment load to prevent scouring (Schumm and Khan,
1972). Furthermore, the fixed exit of the experimental channels
prevented them from degrading to form a steep slope as required by
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hydrodynamic principles. As a consequence, the experimental channels
had to develop laterally to compensate for the constraint of slope
18

9 76

(S ~ V • rather than S ~ V
), resulting in a width-velocity relation of
W ~ V ' , which is in complete contradiction with that of W ~ y - 0 - 4 3 in
the multivariate model established here [Eqs. (5-1) to (5-3)]. Channel
depth of those experimental channels is then reduced m u c h more
significantly (D~V~

' ) than that derived from the multivariate model

established in this study [ D ~ y - 0 - 5 7 from Eqs. (5-1) to (5-3)]. Hence,
when the adjustment of channel slope is constrained by morphologic
restrictions, an increase in sediment load results in wider and m u c h
shallower sections rather than in narrower and shallower sections as
predicted from hydrodynamic principles.
Very similar cases also occur in natural channels where sediment
discharge is in the form of very coarse load, or too m u c h load for the
channel to transport. This causes the channel to widen because the bed can
not scour to form a steeper slope (e.g. Grant, 1950).
In summary, the contradictory effects of sediment transport on
channel characteristics seem to result from the interactions between
hydrodynamic effects and morphologic controls. If channels are not
significantly affected by morphologic controls, and thus are fully
controlled by hydrodynamic principles, increasing sediment load can
cause channels to narrow and shallow. In contrast, if channels are
significantly affected by morphologic controls, for example prevented
from scouring and steepening, increasing sediment load can form wider
and much shallower channels to compensate for the restrained adjustment
of channel slope on the maintenance of sediment transport. Since channel
morphologic controls are highly variable in character (Schumm, 1972;
Kellerhals, et al, 1976; Church, 1980; S c h u m m , et al, 1987; S c h u m m and
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Winkley, 1994), the interactions between hydrodynamic effects and
morphologic controls are equally variable, resulting in a wide variety of
natural channel morphology.

6.5 SLOPE-DISCHARGE RELATIONSHIP
As mentioned in Chapter 2, the slope-discharge relationship is
commonly expressed by a simple power function as:

S = tQz (6-44)
For canals, exponent z has a very stable value of about -0.167 (=-1/6).
For natural channels, however, it has been found that z varies in a wide
range. Carlston (1968) observed that z ranges from -0.50 to -0.93 with a
mean of -0.65 for four majorriversin the United States, and Bray (1982)
found -0.342 for Canadian gravel rivers while H e y and Thorne (1986)
obtained a value of -0.2 for British stable gravel-bed rivers.
Channel slope is mainly determined by water discharge, channel
roughness and a parameter related to the extent of sediment transport as
described in Eqs. (6-10), (6-22), (6-28) and (6-34). Thus, the great
variations in z in natural channels are certainly caused by the interactions
of these three controlling variables. It is k n o w n that there are
interrelationships between water discharge and sediment transport (e.g.
Leopold and Maddock, 1953), however, these interrelationships exist only
in particular geographical regions.
T o demonstrate this, field observations from several sources are
analysed here. Because there are no available observations on the
sediment transport parameter C in Eq. (6-10) or C in Eq. (6-22), this
study applies an indirect approach by employing parameters (VS) and
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(D ' S) as the separate representatives of C and C. The use of
parameter (VS) is from Yang's sediment transport formula. Parameter
(D ' S) is chosen here to represent the average condition for six selected
sediment transport formulas presented in Appendix H I . Using the major
form of the Manning-Strickler flow resistance formula for wide channel,
V oc D ' S' , one can find that sediment concentration expressions for the
six selected sediment transport formulas can be written as products of D
and S (Table 6.2). A s seen in Table 6.2, the sediment concentration
formulations vary around the following simplest case, which is
convenient to conduct analysis:
COC(D°-5S)2'°

(6-45)

Table 6.2
Sediment concentration expressed simply as a function of
channel depth and slope
Sediment transport formula
(Appendix III)

Sediment concentration
formulation

Engelund and Hansen
formula

Coc(D0-583s)2-°

Einstein and Brown formula

COC(D°-533S)2-5

Kalinske and Brown formula

Coc(z)°-417s)2-0

Karim and Kennedy formula

COC(D°-782S)L815

Bagnold formula

COC(D°-4445)L5

Velikanov formula

Coc(D°- 666 S) 1 - 5
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Fig. 6.1 is plotted with field observations by Brush (1961) from
selected streams in Central Pennsylvania. Clearly, a moderately close
relation between slope and water discharge appears as:
S = 0.044 Q~°-624 (r = 0.845) (6-46)

The exponent of -0.624 is much less than the value of -0.167 (= -1/6) i
both Eqs. (6-10) and (6-22). Furthermore, certain relationships for
hydraulic factors (VS) and (D 5S) to water discharge can also be
identified from Brush's observations (Figs. 6.2 and 6.3):

VS = 0.072 (2-0448 (r = 0.694) (6-47)
D°-5S = 0.024 Q~°A1°

(r = 0.748)

(6-48)

Since factors (VS) and (D05S) represent sediment transport
conditions in Eqs. (6-10) and (6-22) respectively, Eqs. (6-47) and (6-48)
mean that sediment transport for the streams in Central Pennsylvania
selected by Brush (1961) is controlled partially by flow discharge. This is
essentially consistent with the observations of Leopold and Maddock
08

(1953) in the mid-western United States where they found Qs ~ Q ' and
that is C ~ Q
. Similar results can also be obtained from field
observations by Andrews (1984) and by S c h u m m (1960) (Figs. 6.4 to
6.9).
B y incorporating these particular relationships between water
discharge and the factor (VS) into Eqs. (6-4) and (6-10), and the
relationships for (D05S)

into Eqs. (6-28) and (6-45), slope-discharge

relationships can also be computed. A comparison of the observed and
computed slope-discharge relationships is shown in Table 6.3. While
those computed according to Eqs. (6-28) and (6-45) are slightly smaller,
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those computed according to Yang's formula, ie. Eqs. (6-4) and (6-10
are slightly larger.
However, no particular relationships exist between discharge and
hydraulic factors (VS) and (D05S)

w h e n a very large set of field

observations is involved (Figs. 6.10 and 6.11). It appears, therefore, that
the relationship between water discharge and the hydraulic factors (VS)
or (D

S) is restricted to particular geographical regions and is

therefore not universal.

Table 6.3
Comparison between observed and computed slope-discharge
relationships
Slope-discharge
relationship

Data source
Observed

Computed*

Computed**

Brush (1961)

s - e-0-624

S~Q-°A16

S ~ 0- 0 - 783

Andrews (1984)

s _g-0.417

s ~ G"0384

s ~ G"0-492

S c h u m m (1960)

s _ e -0.951

s ~ e -0 - 819

s ~ G"1-068

Computed according to Eq. (6-10) based on Yang's formula
* Computed according to Eqs. (6-45) and (6-28)

For a very large set of field observations, Fig. 6.12 shows that
although there is a clear tendency for a decrease in slope with increasing
discharge, channel slope is obviously related to other factors besides
water discharge. A s stated earlier, these factors are a function of sediment
transport and perhaps channel roughness as illustrated in Chapter 4. Thus,
the more complex slope relation of Eq. (6-10) or (6-22) represents a
more general form of slope-discharge relationship.
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6.6 SUMMARY

The basic form of regime relations for alluvial channels is presented.
This is achieved by incorporating the major forms of several commonly
used sediment transport formulas of Yang (1973, 1976), Engelund and
Hansen (1967), Einstein-Brown (Brown, 1950), Kalinske-Brown (Brown,
1950), Karim-Kennedy (1990), Bagnold (1966) and Velikanov (1954)
into a multivariate model of channel geometry as proposed in Chapter 4
and applied in Chapter 5.
Channel width, depth and width/depth ratio are found to be
determined by four independent variables; water discharge, bank
materials (sediment composition and vegetation), flow resistance and
sediment discharge. Channel size (cross-sectional area), velocity and slope
are determined mainly by three independent variables; water discharges
channel resistance and sediment discharge.
A quantitative description of the effect of sediment transport on
channel characteristics gains consistent support from certain field and
laboratory observations (e.g. Hey, 1988; Ranga-Raju, et al, 1977). It is
shown here that channel width, depth and width/depth ratio are relatively
insensitive to the changes in sediment load while channel slope and
velocity are strongly dependent.
In terms of these derived channel geometry relations, channel
geometry adjusts itself with narrowing and shallowing causing a
significant increase in velocity and slope for increased sediment load and
vice versa. This is consistent with the studies based on pure hydrodynamic
principles as have been undertaken by Chien (1956, 1957) and Farias
(1995). However, the simple analysis of the experimental channels by
S c h u m m and Khan (1972) indicates that if channels are morphologically
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restricted they will respond in contradiction to the behaviour of chann
width according to hydrodynamic principles. For example, if channels
are prevented from scouring and steepening, increasing sediment load can
produce wider and m u c h shallower channels to compensate the restrained
adjustment of channel slope.
Furthermore, large variations in slope-discharge relationships are
found to result mainly from the interrelationship between water discharge
and the determinant factors of sediment transport. However, these
interrelationships appear only for river channels in particular
geographical regions. The slope relations derived in this study represent a
more general form of c o m m o n l y observed simple slope-discharge
relationships.
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CHAPTER 7
REGIME THEORY, THRESHOLD CHANNEL
CONDITION, CHANNEL SHAPE
RELATIONS AND BIVARIATE MODELS OF
HYDRAULIC GEOMETRY

7.1 INTRODUCTION
While over many years, river researchers have established numerous
detailed empirical relationships between a wide variety of channel
variations and flow conditions and have expressed these relationships in
the form of regime theory, threshold channel relationships, channel shape
relationships and simple bivariate channel geometry relationships, they
have found it difficult to provide reasonable explanations for their
findings. A s a result, the applicability of their work has been limited
largely to those regions where their particular relationships were
developed. However, as demonstrated clearly in Chapters 4, 5 and 6, the
multivariate model of hydraulic geometry established in this study
presents a physically reasonable explanation of the controls of alluvial
channel geometry and is able to provide accurate results in a large range
of environments. It is also strongly supported by its application to
quantifying the influence of bank strength on channel geometry and to
interpreting the role of sediment transport in shaping channel geometry.
In other words, it might be a more general rather than regionally specific
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multivariate model and therefore should go some considerable way
towards providing a reasonable explanation for the most frequently
observed relationships described in regime theory, threshold channel and
bivariate channel geometry conditions. This chapter demonstrates that
these widely adopted simple empirical models represent the idealised or
simplified cases of the multivariate model established in Chapter 4. The
multivariate model, therefore, can provide physical explanations for
regime theory, threshold channel condition, channel shape relations and
some of the bivariate models of hydraulic geometry.

7.2 REGIME THEORY AND THRESHOLD CHANNEL
7.2.1 CANAL FLOW CONDITIONS
As detailed in Chapter 2, regime theory has been well established
based on numerous observations in stable canals. However, it is not
strictly a theory for it is not based on physical analysis but largely on
empirical formulation. A detailed reading of the literature reveals that the
regime relations developed by Lacey (1929-1930, 1933-1934, 1946,
1958), Blench (1952, 1957, 1969, 1970) and Simons and Albertson
(1960) have been based on selected flow characteristics and under the
following conditions (e.g. Inglis, 1948; Simons and Albertson, 1960;
Chitale, 1966, 1976, 1995, 1996; Stevens and Nordin, 1987):
(1) Because of the controls of water-transferring projects
constructed at the head of each canal, canal flow discharge, sediment
discharge and grade of bed material carried by the flow vary little during
the irrigation period;
(2) Sediment exclusion and/or ejection structures constructed at the
heads of the canals can limit the concentration of sediment that flows into
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each canal to a narrow range of variation in almost all those canals (
main trunks and branches) (Simons and Albertson, 1960). The Indian and
American canals that yielded the data upon which regime theory was
established were in most cases studied during periods of flooding. Despite
this, they had sediment concentrations of less than 500ppm which was
about the upper limit of the sediment load (sand and silt size) that could
be transported through the canals without incurring siltation;
(3) The channel boundary of the canals was artificially constructed
and therefore normally consisted of sand or sandy silt with some
vegetation planted on the banks.
While thefirstcondition was highly desirable for determining the
channel-forming discharges, the second condition ensured that the
concentration of sediment transported in canals could be regarded as
essentially constant. This explains w h y Blench (1952, 1957, 1969, 1970)
identified a constant of VS and D1' S for same size of sediment in canals
because VS and D^2S

are indeed in direct proportion to sediment

concentration as presented in Yang's sediment transport formula and the
other selected sediment concentration formulas presented in Table 6.2 in
Chapter 6. In a simple way, the second condition can be expressed as:
C= constant (7-1)

The third condition of artificially constructed banks ensured that the
boundary conditions of canals were generally very simple and therefore
that the influence of bank strength on channel geometry was limited and
could be ignored in some cases. Because of these conditions, the channel
geometry relations derived in Chapter 6 can be simplified into two types
of regime expressions for canals: those of Lacey where bank condition is
ignored and those of Blench where bank strength is taken into account.
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7.2.2 LACEY-TYPE REGIME RELATIONS
On the basis of Eq. (7-1) and when the influence of bank strength
channel geometry is ignored so favouring Lacey's regime theory as
presented by Eqs. (2-1) to (2-3), Eqs. (6-5) to (6-10) derived in terms of
Yang's sediment transport formula can be simplified so as to form the
following regime relations:
W = Kw • Q0-523 (7-2)
D = KDQ0330

(7-3)

V = KV- <2 a147

(7-4)

S = _VG~°'147

(7-5)

Table 7.1 shows the comparison between Lacey's regime theory and
Eqs. (7-2) to (7-5). The simplification of Eqs. (6-17) to (6-22) for the six
other selected sediment transport formulas presented in Appendix I H is
also included for comparison. It is interesting to note in Table 7.1 that the
variations of depth and slope with discharge in Lacey's regime theory lie
well within the ranges as illustrated in the results obtained from both
Yang's sediment formula and the six other sediment formulas, and that
the exponents of flow discharge in both width and velocity relationships
in Lacey's regime theory tend to be outliers. This may result from the
original use of wetted perimeter instead of channel width by Lacey, for
channel wetted perimeter is larger than width and therefore responds
with a slower rate. For the maintenance of flow continuity, the rate of
variation in velocity is in turn increased.
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Table 7.1
Comparison between regime theory and the channel geometry relations
derived in this study expressed only in terms of flow discharge Q
Channel
characteristics
Wetted perimeter P
or width W
Hydraulic radius R
or average depth or D
Velocity, V
Slope, S

Lacey's regime
theory

This study*

This study**

2 0.5

^0.523

^0.521-0.544

00.333

00.330

00.328-0.358

Q0.161

e 0.147

00.098-0.151

0-0.167

e -0.147

0-(O.137~O.28O)

*Eqs. (6-5) to (6-10) in Chapter 6 in terms of Yang's formula
**Eqs. (6-17) to (6-22) in Chapter 6 in terms of six other formulas

However, there are difficulties in presenting explicit relations for
coefficients Kw, KD, Kv and Ks in the above relations for they are
determined by channel roughness n and sediment concentration
parameter C in Eq. (6-4). Because canals are normally related to the
transport of a small amount of bed load, channel beds are dominated by
sand dunes and thereby flow regime m a y exert a considerable effect on
channel roughness. Blench (1952, 1957, 1969, 1970) identified from
canals that this causes Manning's roughness coefficient n to vary from
0.018 for large flow discharge to 0.025 for small flow discharge. O n the
other hand, the sediment concentration parameter C

is determined by

coefficient /0, exponent /, and the critical unit stream power for the
incipient movement of sediment, Pc, although sediment concentration C
is taken as constant in Eq. (6-4). According to Yang's (1973) study, I0, I
and Pc can be determined from the following complicated relations:
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(7-6)

\co J

f
7 = 2.784 -0.305 log (o£ -0.282 log t
<v.
V co

(7-7)

Pc = vcrs

(7-8)

rv

cr _

co
V.cr

2.5
+ 0.66
log(V*d/v)-0.06

= 2.05

for 1.2 <

V*d

for^>70

<70

(7-9)

(7-10)

CO
in which d= median particle diameter, co= terminal fall velocity of
sediment particles, v = kinematic viscosity of water, and V* = shear
velocity.
Hence, it is beyond the present knowledge to provide simple
expressions for illustrating the variation of channel roughness n and
sediment concentration parameter C in Eq. (6-4). As a result, it can only
be illustrated conceptually here that coefficients Kw, KD, Kv and Ks in
Eqs. (7-2) to (7-5) have unknown relationships with flow regime and
sediment size.
In contrast, the counterparts of Kw, KD, Kv and Ks in Lacey's
regime theory are related to a silt factor / which is determinable by
sediment size [Eqs. (2-1) to (2-4) in Chapter 2]. However, Lacey (19291930, 1933-1934, 1946, 1958) proposed his silt factor with caution for it

is 'rough and qualitative1. In this sense, Lacey's regime theory does
represent only the simplified case of the multivariate model established in
Chapter 4.
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7.2.3 BLENCH-TYPE REGIME RELATIONS
On the basis of Eq. (7-1) where C = constant and when the influence
of bank strength on channel geometry is taken into account as in Blench's
regime theory, Eq. (6-5) to (6-10) can be simplified as to form the
following regime relations:
W = K'w • C%?16 • Q0-523 (7-11)
D = K'D • C ^ 6 6 0 • <20-330

(7-12)

V = K{,-CwdA56-Q0A41

(7-13)

S = K's-Cwll5-Q-°141

(7-14)

In terms of canal data provided by Simons and Albertson (1960), it
can be found in Fig. 5.2.A that for canals Cw varies from 3.78 for
cohesive banks to 6.13 for non-cohesive sandy banks. It can then be found
directly from Eqs. (7-11) to (7-14) that the variation for Cw from
cohesive banks to non-cohesive sandy banks can cause channel width to
increase by 4 8 % , depth to decrease by 2 7 % , and slope to increase by 6%.
W h e n the effects of the bank-factor Fs in Blench's regime theory are
concerned, it can be found in Blench's regime theory [Eqs. (2-5) to (2-9)]
that Fs varies from 0.1 for slightly cohesive banks to 0.3 for highly
cohesive banks, and that the variation from highly cohesive banks to
slightly cohesive banks can cause channel width to increase by 7 3 % , depth
to decrease by 3 1 % , and slope to increase by 1 0 % . Evidently, both
Blench's regime theory and Eqs. (7-11) to (7-14) present consistent
quantitative results.

The coefficients Kw, K'D, K'v and K's involve the same mechanis
as coefficients Kw, KD, Kv and Ks in Lacey-type regime relations [Eqs.
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(7-2) to (7-5)] and their counterparts in Blench's regime theory are
related to a bed-factor Fb by Blench [Eq. (2-8) in Chapter 2]. Although
Blench (1952, 1957) defined his bed-factor with Lacey's silt factor, he
was aware of the problems related to Fb and suggested that the best way
to determine Fb is through empirical analysis.
In contrast, natural rivers can have very complicated banks, wide
ranges of sediment concentration, channel roughness and river bed
sorting and armouring. All of these factors can have a significant
influence on channel geometry and consequently obscure the regime
relations in certain circumstances. A s a result, hydraulic geometry
relations vary from one region to another as illustrated in Chapter 2.

7.2.4 THRESHOLD CHANNEL CONDITION
A threshold channel is one where the sediment composing the
channel boundary is at the threshold immediately prior to movement. A s
a consequence, it is a channel where sediment concentration is zero, a
special constant in Eq. (7-1). In this sense, the derived Lacey-type and
Blench-type regime relations represented by Eqs. (7-2) to (7-5) and (711) to (7-14) should have applications for illustrating the behaviour of a
threshold channel. However, relations are different from those commonly
cited for threshold channels in that the latter are derived on the
assumption that the non-dimensional Shields number T* is a constant
(Henderson, 1963, 1966; Li, et al, 1976; Bray, 1982), or

r* = 7 — - — r — = constant

{rs-r)d

(7-14)
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However, this result of Shields (1936) is a product of his consideration
the tangential force, or tractive force only and by his neglect of the lift
force operating on sediment particles. A s a result, the following problems
arise:
(1) Shields derived his criterion of incipient motion by using the
concept of a laminar sub-layer. According to that theory, the laminar
sub-layer should not have any effect on the velocity distribution when
shear velocity Reynolds numbers are greater than 70. However, the
Shields diagram clearly indicates that his non-dimensional critical shear
stress still varies with shear velocity Reynolds numbers w h e n the latter
are greater than 70.
(2) Shields extended his curve in his famous diagram for critical
shear stress to a straight line when the shear velocity Reynolds numbers
are less than 3. A s shown by Liu (1958), this means that w h e n the
sediment particle is very small, the critical shear stress is independent of
the sediment size. In contrast, White (1940) found that for a small shear
velocity Reynolds number, the critical shear stress is proportional to the
sediment size.
T o overcome these problems, numerous studies have been
undertaken over the past 50 years and they are mostly of two types:
firstly to modify the Shields' expression and secondly to find an
alternative parameter altogether rather than using shear stress. A s a direct
result, the Shields' critical shear stress expression has been advanced in
understanding and the critical average velocity has been identified to
enable relatively reliable predictions to be m a d e (Simons and Sentiirk,
1992). In view of this progress, the Shields' expression for critical shear
stress n o w takes the following form:
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(rs-r)d \d)

where i has a positive value. From a study of uniform gravel materi
Neill (1968) identified a fraction of 1/3 (0.33) for i whereas research by
some Russian and Chinses scientists leads to a value of up to 0.5 (Chien
and W a n , 1986). W h e n i takes the value of 0.5, Eq. (7-17) will produce
the following relationship:
D°-5Socd05 (7-18)
According to the expressions of the sediment concentration derived
the six selected sediment formulas presented in Appendix III in Table
6.2, Eq. (7-18) actually relates to the transport of sediment. Because the
six sediment formulas do not provide a definitive prediction for the
incipient motion of sediment particles, a value of sediment concentration
that is very small and very close to zero would be reasonable to embody
the condition. In this sense, the relations derived in this study, ie. Eqs. (72) to (7-5) and Eqs. (7-11) to (7-14) are capable of reflecting a threshold
channel geometry.

7.3 FACTORS CONTROLLING CHANNEL SHAPE

Field observations have identified that channel shape is controlled
the type of bank materials and flow discharge (e.g. Schumm, 1960, 1968;
Ferguson, 1973; Knighton, 1974; Bray, 1982; Richards, 1982). This is
certainly true as expressed by Eq. (6-8) in Chapter 6. Because in Eq. (68) the exponent for roughness n is equal to 0.000 and that for sediment

Analysis: Part Three

Chapter Seven: Regime Theory, etc

202

concentration parameter C has a very small value of 0.036, their
influences can be ignored and channel shape (width-depth ratio) can then
be found to be determined only by flow discharge and the type of bank
material as follows:

W ^ rlA16 n0.193

— <*=CW

Q

n

! Qx

(7-19)

Because Cw is inversely related to the strength of bank material, as
illustrated in Eq. (5-4) in Chapter 5, the stronger the banks the narrower
and deeper the channels, and vice versa for the weaker banks.
Furthermore, Appendix IV shows clearly that no matter which sediment
transport formula is employed, this relationship does not vary by much.
Eq. (7-19) is consistent with most observation not only in its forms
but also in the exact value of exponent for flow discharge. For example,
S c h u m m (1968) found the following relationship in his study of the
combined data from the Great Plains of the United States and the
Murrumbidgee River in the southeastern Australia:
<2 018
W
_ - ?! ^™*

D~ V

74

(1-20)

U }

where Q^ is the mean annual flood, and M is a channel silt-clay index
defined as the average silt-clay percentages in channel bed (Sb) and banks
(Sc)by M=

[(Sb-W) + 2(SC-D)]/(W + 2D).

However, Schumm's parameter M cannot accurately represent the
type of bank material for it includes the type of bed material. A s a result,
Richards (1982) reanalysed Schumm's data considering bank silt-clay
content (B) only and established the following relationship:
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0 15
w
0 ™G — = 800^ffo-

D

(7-21)

B

In 70 Canadian gravel-bed river reaches, Bray (1982) found the
following best-fit expression for channel shape:

— = 8.95 Q 0 1 9 4
D

(7-22)

W h e n an invariant value of 0.2 was used in the following relationship:
W

n?

-J5=PQ

(7-23)

Bray (1982) readily identified the close relationship between coefficient
p and bank material. The mean value of p is significantly less for silt
and clay banks than for sand and gravel banks.
However, the cases that describe the existence of Eq. (7-19) are
limited. The reason is obvious when Table 5.3 in Chapter 5 is examined.
This table shows that Cw can vary from 2.0 to 6.5, more than three
times, therefore its influence on channel shape according to Eq. (6-19)
can reach five to six times. This influence of Cw on channel shape is
more significant than that either on width or on depth because of
CD = C^' 6 [Eq. (5-16)]. O n the contrary, the influence of flow discharge
on channel shape becomes weaker [exponent 0.193 in Eq. (7-19)] than
that either on width (exponent 0.5) or on depth (exponent 0.3).
Therefore, channel shape relation as represented by Eq. (6-20) might be
obscured more commonly than either width or depth relation. This
explains why width and depth relations have been identified much more
clearly from most geographical regions, as detailed in Chapter 2.
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7.4 THE BIVARIATE MODELS OF HYDRAULIC GEOMETRY

Despite the multivariate complexity of channel geometry, the factors
that control channel form might exhibit simple interrelationships
downstream in some cases. For example, Leopold and Maddock (1953)
proposed the following power functions for channel slope (S) and the
Manning's roughness (n) against discharge (Q):
SocQz- nocQy (7-24)
In drainage basins, channel banks are generally composed of coarse
materials including boulders, cobbles and very coarse gravels in the
upper catchment and become gradually finer downstream, although the
banks still remain strong due to cohesive silt and clay and relatively dense
vegetation (Leopold, et al, 1964). Hence, bank strength could be
presumed to be relatively unchanged along the whole length of some
streams. In terms of this assumption, Eq. (7-24) and the flow continuity
relation, Eqs. (5-1) to (5-3) can be written as:
W - <20.5+0.355y-0.156z ^ Qb

(7_25)

D oc 0O.3+O.383?-O.2O6Z oc Qf (7-26)
V oc £0.2-0.738y+0.362* x Qm

(7_27)

In terms of available observations for Eq. (7-24), Table 7.2 gives t
values of the hydraulic geometry exponents both from the models of
W <* Qb, D<*Qf

and V ^Qm

directly (normally regression results) and

computed according to Eqs. (7-25) to (7-27). It can be noted that the
agreement between the observed and computed values is nearly perfect
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for stable canals. This is understandable because in canals the
relationships for channel slope and roughness to discharge are very well
defined, and bank materials remain relatively constant as detailed earlier.
The surprising agreement between theoretical values from m i n i m u m
variance theory and the values computed suggests that the theory
represents a special case of the multivariate model (Table 7.2). However,
the agreement is quite poor for natural channels. This is possibly due to
the fact that the simple power relationships for Q-S,

and Q-n

are

generally very poor and possibly do not even exist. For example,
Leopold, et al (1964), based on their experience on American rivers,
presumed that the increased discharge in a downstream direction is the
cause for the downstreamflatteningof slope, while Nanson and Young
(1981) found from some Australianriversthat the downstream flattening
of slope persists even when bankfull water discharge continues to
decrease downstream. A s to the downstream variation in channel
roughness, even Leopold, et al (1964) found that not only the downstream
variation in sediment size but also the bars, cross-sectional irregularity
and channel beds play an important role.
Furthermore, as demonstrated in Chapter 5, bank strength also
influences hydraulic geometry relations for it varies greatly from one
reach to another. Unfortunately, the natural streams from which the
exponents were obtained and listed in Table 7.2 were studied in
combination without considering the difference of bank strength existing
between streams or even between cross-sections of the same stream (e.g.
W o l m a n , 1955; Leopold and Miller, 1956). This means that the Leopold
and Maddock's (1953) model of downstream hydraulic geometry is
indeed only a simplified case of the multivariate model.
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Table 7.2
Hydraulic geometry exponents from the regression analysis of the
bivariate relations of W oc Qb, D^Qf
and V oc Qm and computed from
Eqs. (7-25) to (7-27)
Observed exponents
(regression results)

Location of Streams

f

m

0.52

0.32

0.16

-0.74 -0.22

0.54

0.37

0.09

-0.95 -0.3

0.54

0.38

0.08

0.57

0.41

0.02

b

f

Stable canals 1

0.5

0.33

0.17

-0.11

M i n i m u m variance theory2

0.55 0.36

0.09

Ephemeral streams in
semiarid, U S A 3

0.5

0.2

Brandywine Creek,
Pennsylvania^

0.42

0.3

m

2

iBlench (1971) and Fig. 4.8, p. 117;
3Leopold and Miller (1956);

7.4

z

y
0.0

0.05 -1.07 -0.28

0.45

4

Computed
exponents
b

Leopold and Langbein (1962);

W o l m a n (1955)

SUMMARY

The multivariate model established in this study is able to offer s
reasonable explanations for several important sets of observations as such:
1. Regime theory reflects the behaviour of alluvial channels when
the concentration of sediment transported by flows is predominantly low
and without significant variation. Because sediment concentration only
exerts a limited influence on channel width, depth and shape (width and
depth ratio) as illustrated in Chapter 6, the relatively small range of
variation in sediment concentration can lead to relatively stable bivariate
relationships between width, depth, shape and flow discharge, but to a
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wide range of variation in slope-discharge relations as observed in mos
geographical regions (Chapter 2).
2. Although the bank strength of canals varies over a m u c h smaller
range than that for natural rivers, as found by Blench (1952, 1957, 1969,
1970), its influence on canal geometry still needs to be taken into account.
Hence, the application of Lacey's regime theory is limited whereas
Blench's regime theory is widely applicable for canal design.
3. Because of the as yet unknown effect of channel roughness in
relation to sediment transport, regime theory is only approximate.
4. W h e n the concentration of sediment being transported reaches
zero, threshold channels appear in theory. In other words, threshold
channels should be illustrated by regime theory. However, the studies of
Henderson (1963, 1966), Li, et al (1976) and Bray (1982) have shown a
significant deviation from regime theory. A physical explanation of this
inconsistency is demanded for any future study.
5. Channel shape (width and depth ratio) can be illustrated largely by
two factors: channel bank strength and flow discharge. However, due to
the difficulty in directly measuring bank strength and the fact that the
influence of flow discharge on channel shape [exponent 0.193 in Eq. (719)] is reduced in comparison with that on width (exponent 0.5 in widthdischarge relations as commonly identified) and depth (exponent 0.3 in
depth-discharge relations as commonly identified), direct observations of
this simple relationship have occurred in only a few cases.
6. The bivariate models of hydraulic geometry produce accurate
results in only a few very specific conditions, usually where channel
slope, roughness and bank strength are either unchanged or vary
consistently with flow discharge.
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CHAPTER 8
CONCLUSIONS

...the dimensions, width, depth and gradient, of a
channel to carry a given supply, loaded with a
given silt charge, were all fixed by nature --i.e.,
uniquely determined.
E. S. Lindley, 1919

River channel geometry is determined by natural laws but to
interpret these laws, particularly from a widely applicable quantitative
basis, has proven to be very difficult. Although as early as in the middle
of the nineteenth century, Navier and Stokes worked out the essential
principles of flow mechanisms, their differential equations are generally
unsolvable (Lamb, 1945; Streeter, 1948; Rouse, 1950, 1959; C h o w ,
1959). A s a result, open channel flows have been studied mainly by way
of data analysis, which is normally based on either pure empiricism or
semi-empiricism via hydraulic experiments, simplification of NavierStokes equations and computer techniques (e.g. Lamb, 1945; C h o w , 1959;
Cunge, et al, 1980). Regardless of whether by pure empiricism or semiempiricism, this approach has produced the widely recognised Manning's
flow resistance equation, various sediment transport formulas, the Shields
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entrainment function, regime theory and numerous hydraulic geometry
models. Without doubt, the study conducted here for better understanding
of the factors controlling alluvial channel geometry of naturalriversis
based on data analysis, however, it differs from other previous work in
two aspects. Firstly, it has focused its attention on the applicability of a
recently developed experimental flume relationship between channel
shape and boundary shear distribution in alluvial channels (e.g. Knight,
1981; Knight, et al, 1984; 1990; 1994), for this relationship has been
identified consistently from numerous flume studies and is believed here
to reflect the flow mechanism determining alluvial channel geometry.
Secondly, this thesis has analysed numerous field observations that have
been accumulated from irrigation canals and naturalriversover the past
one hundred years, data which have previously not been studied in such
an integrated way. This study has successfully developed a multivariate
empirical model of hydraulic geometry, which in turn has led to the
influence of bank strength on channel geometry being quantified and the
role of sediment transport in shaping channel geometry being illustrated.
Additionally, certain important observations, such as some of those in
regime theory, are explained and other aspects identified for future study.

8.1 SUMMARY OF RESULTS
This study consists of three sections. The first section is devoted to
identifying the problems in previous studies and then investigating h o w
the bivariate model of hydraulic geometry varies in some Australian
rivers because: (1) These Australian rivers behave very differently to
those reported in other parts of the world in that their channel dimensions
decrease with increasing drainage area; and (2) C o m p l e x channel
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vegetation plays an important role in influencing channel geometry. The
results provide strong support to the concept that the geometry of alluvial
channels is better interpreted in terms of multivariate controls than
simple bivariate relationships with flow discharge. Although on four
small streams in southeastern Australia, this study quantifies the influence
of vegetation and bank sediment composition on channel form, it
reiterates that the use of the bivariate hydraulic geometry relations is
limited, particularly where, due to vegetation, roughness varies in a wide
range and can exert a dramatic influence on channel form.
Part T w o of this study generates a multivariate model of hydraulic
geometry from a recently developed experimental flume relationship
between channel shape and boundary shear distribution. This study found
that the flume relationship has some application to alluvial channels and it
identifies that the geometry of alluvial channels is generally determined
by four factors: flow discharge, channel average roughness, bank strength
and slope. It amasses numerousfieldobservations from stable canals and
natural rivers accumulated over the past one hundred years and
consequently establishes the following basic hydraulic geometry
relationships:
W = Cw-Q°-5-n0355-S-°A56 (8-1)
D = CD-Q03-n03S3-S-<)206

(8-2)

V = CvQ02-n-°3*3-S0362

(8-3)

Cw, CD and Cv are functions representing the critical shear stress for
the incipient motion of bank materials, in other words indices of the bank
resistance to erosive forces, and they are interrelated as follows:
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Cj) = Cjy ; Cy = C^y (o-4)
Because the exponents of flow discharge in Eqs. (8-1) to (8-3) have
values as simple as 0.5, 0.3 and 0.2 in the width, depth and velocity
relations, respectively, they are consistent with what have been most
frequently observed in bivariate power functions relating channel or flow
geometry to discharge in various parts of the world (Park, 1977; Rhodes,
1986). D u e to the influence of slope, channel roughness, and bank
strength, it is clear that the bivariate downstream hydraulic geometry
exponents vary widely, however their modal values are very close to the
regime formulations established in stable canals.
Part Three of this study concentrates on examining the general
character of channel geometry and extending the application of the
multivariate model defined by Eqs. (8-1) to (8-3). It does so by testing
the modelfirstlyin conditions of variable bank strength and secondly in
conditions of variable sediment transport. Bank strength reflects the
binding character of bank vegetation and sediment and therefore has a
strong influence on channel geometry, particularly in natural rivers
where these conditions vary widely. Although previously various
approaches have adopted to deal with variable bank strength, these have
been limited to regional solutions because of the lack of a widely
applicable hydraulic geometry model. Regardless of h o w complicated the
natural bank conditions are, field observations from m a n y parts of the
world show that the multivariate model established in this study [Eqs. (81) to (8-3)] can provide an acceptably quantitative determination of the
influence of bank strength on channel geometry. Vegetated and highly
cohesive banks are more resistant to erosion and result in narrower and
deeper sections. In contrast, non-vegetated and non-cohesive sand banks
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are relatively weak resulting in wider and shallower sections. In terms
available information on the composition of bank materials, this study
provides gross numerical values of Cw [Eq. (8-1)] for each type of bank
(Table 5.3). In such circumstances, there is a deterministic solution for
the geometry of alluvial channels with a specific discharge flowing over a
required slope and with a channel boundary that controls bank strength
and channel roughness.
The second process examined in order to extend the multivariate
model is that of the role of sediment transport. In essence, sediment
transport determines the difference between fixed boundary and selfadjusting alluvial channel form. However, contradictory observations
have been found with some observations showing that an increase in
sediment discharge can cause channels to widen and shallow while the
others b e c o m e narrower and deeper sections. B y choosing several
sediment transport formulas to reflect various interpretations of sediment
transport under a variety of conditions, and incorporating them into the
multivariate model [Eqs. (8-1) to (8-3)], this study demonstrates that
channel width, depth and in particular shape (the ratio of width and
depth) are slightly dependent on sediment concentration, while velocity
and slope are strongly dependent on it. This partially explains why, in
natural rivers, width and depth hydraulic geometry relations have been
identified to be more stable than velocity and slope relations.
Consistent with most hydrodynamically based studies, this one shows
that an increase in sediment concentration leads to a smaller section with
both width and depth being reduced in order to increase stream power
(velocity and slope), and vice versa for a decrease in sediment
concentration. Because the multivariate model established in this study
and the sediment transport formulas used are entirely based on
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hydrodynamic principles, the channel geometry determined by them is
fully adjustable by each component: width, depth and slope. This is the
case for most alluvial channels but is not the case for those channels
where channel adjustment is severally restrained. For example, some
geomorphologists, particularly S c h u m m (1972), Kellerhals, et al (1976),
Church (1980), S c h u m m , et al (1987), and S c h u m m and Winkley (1994),
have identified the influence of morphologic controls on channel
geometry often in the form of exposed bedrock, clay plugs, valley slope
and even paleochannels.
W h e n canal flow conditions are revisited, this study finds that
regime theory can be regarded as the simplest case where sediment
concentration varies in a limited range and thus its influence on channel
form can be ignored. Although the banks of irrigation canals are
relatively simple for they are artificially constructed, the cohesiveness,
extent of vegetation and presence of coarse or cohesive sediments can still
exert a remarkable influence on channel geometry. Hence, the regime
theory of Blench (1952, 1957, 1969, 1970) w h o recognised these
conditions is more advanced than the classic theory of Lacey (1929-1930,
1933-1934, 1946, 1958).
In theory, a threshold channel is one where sediment concentration
remains at zero. In this sense, the threshold channel can be illustrated
with regime theory. However, great differences exist between regime
theory and threshold channel formulations developed by Henderson
(1963, 1966), Li, et al (1976) and Bray (1982) by using the Shields'
expression of the critical shear stress which ignores the lifting force.
Despite the significant influence of channel roughness and slope on each
channel dimension (width, depth and velocity), the ratio of channel width
to depth is less affected by channel roughness and slope and is dominantly
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determined by bank strength and flow discharge. However, due to the
very large influence of bank strength, in only a few cases have such
simple relationships been identified. Furthermore, this study has found
that only when channel roughness, slope and bank strength remain either
unchanged or adjust in proportion with flow discharge, do the bivariate
relationships relating width, depth and velocity to flow discharge provide
satisfactory results. Because in general terms, channel roughness, slope
and in particular bank strength are independent of flow discharge,
alluvial channel geometry can be regarded only as the product of multiple
variables.
Based on the above, the multivariate model established in this study
[Eqs. (8-1) to (8-3)] is believed to reflect the principles of hydrodynamic
controls on river channel geometry and is therefore of practical use in
river-related activities, such as inrivermanagement.

8.2 FURTHER RESEARCH
Further research based on this study can proceed in two directions.
Firstly, using both field observations and theory there is a need for
further verification of the multivariate model established here in order to
form a soundly based and widely applicable theory to reflect the general
principles of hydrodynamic controls on river channel geometry.
Although it is not possible on the basis of present knowledge to develop a
purely theoretical understanding, several extreme hypotheses, such as
m i n i m u m stream power and m a x i m u m sediment transport capacity
proposed separately by Chang (1979a,b, 1988) and White, et al (1982)
look very promising for providing strong support for the existing
empirical model.
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Secondly, fluvial geomorphology is the product of the interaction
between pure hydrodynamic mechanisms and morphologic controls, and
its some aspects m a y be determined by purely hydrodynamic mechanisms
while the others m a y result from the mixed interaction between
hydrodynamic mechanisms and morphologic controls. A s identified in
regime theory and in this study, the geometry of most straight alluvial
channels is determined by pure hydrodynamic mechanisms. Although
Chapter 6 raised the question regarding the role of morphologic controls
in influencing channel geometry, it presented only a rough and qualitative
analysis and further research is required.
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Appendixes

I

APPENDIXES
APPENDIX I: DISCUSSION OF "ALLUVIAL CHANNEL
GEOMETRY: THEORY A N D APPLICATIONS**"

( from a paper published by P. Y. Julien and J. Wargadalam in the Jour
of Hydraulic Engineering, Vol. 121, No. 4, 312-325,1995)

In an excellent review of the existing methods for the determination
of alluvial channel geometry, Julien and Wargadalam identify the
limitations of simplified one-dimensional (ID) analyses of flow and
sediment transport in alluvial channels. They then proceed to develop an
alternative method by introducing a two-dimensional (2D) flow equation,
using a secondary flow equation and the Shields number TQ as the
mobility index of non cohesive particles. The exponents of flow discharge
in the derived hydraulic geometry equations vary well in the ranges of
those empirically established relationships, and an acceptable agreement
between a very large set of field and laboratory measurements and the
corresponding calculations from the derived equations is achieved.
O f the derived channel geometry relations developed by Julien and
Wargadalam, their hydraulic geometry relations that are expressed as the
function of slope [Eqs. (28) to (30) in their paper] are of particular
interest here for they are very consistent with the multivariate model
established independently in this study [Eqs. (5-1) to (5-3)]. The hydraulic
geometry relations proposed by Julien and Wargadalam can be written as:
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where coefficients kw, kD and kv were found by them to hold cons
values of 1.33, 0.2 and 3.76, respectively and exponent m has a varying
value of 0.0 ~ 0.5. Hence, these equations can also be expressed in the
following numerical forms:
W = kw Q°A~°-5J-(0.0~0.25) ,.-(0.2-0.25)

D

y

(A.L4)

= kD £0.4-0.25^0.0-0.375^(0.2-0.125)

= ky
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Eqs. (A-1.4) to (A-1.6) are very similar to Eqs. (5-1) to (5-3)
obtained independently in this study. It is interesting to note that the two
sets of hydraulic geometry relationships are highly consistent in
describing the effects of flow discharge and channel slope. Since the
Manning's roughness n is in direct proportion to dlJ6 in certain
circumstances (e.g. Chow, 1959), the two sets of relationships are also
consistent in interpreting the effects of channel roughness or sediment
size on channel depth and velocity. The inverse effect of channel
roughness or sediment size on channel width can be accounted for by the
use of different flow resistance relations and a different additional flow
regime relationship, such as the secondary flow equation used by Julien
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and Wargadalam but an relationship between channel shape and boundary
shear distribution used in Chapter 4 of this study.
Furthermore, it is apparent that the coefficients in the two sets of
hydraulic geometry relations actually have a consistent physical basis.
This is due to the relationships between kw, kD and kv and coefficients
k'w, k'D and kv, which were found by Julien and Wargadalam to vary
across a comparatively small range. According to the definition kw, k'D
and kv [Eqs. (20) to (22) in the study of Julien and Wargadalam] and
considering the effects of only major variables, the following relations
can be derived:
l

D_
W

k'D

K

W

K

2+m+p

(A-1.7)

1'

D

'

Ir"71

ky ocfcD

(A-1.8)

Furthermore, because the coefficients kw, k'D and kv exhibit very little
variation, so factor f varies in a limited range, where f is defined by

C_(DY

D_

(A-1.9)

^~{d) W
Eq. (A-1.9) can also be written in the following form:

W

V0+P)

_ y-Vd+p). d-p/(\+p) - £>

(A-1.10)

DT
As suggested by Julien and Wargadalam, for p = 2m and 0 < m < 0 . 5 ,
Eq. (A-1.10) can then be expressed as:
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jyl.0-0.5

~D~

= £'

(A-1.12)

Eq. (A-1.12) is a very commonly observed relationship and factor
J' can be related to channel sediment composition, bank vegetation and
hence bank strength. Typical examples of this aspect are the studies of
S c h u m m (1969), and Hey and Thorne (1986).
Concerning the influence of sediment composition on channel
geometry, S c h u m m (1969) obtained:
^0.38
w = 2

where M

D = 0.6Q029M034

. 3 % —

(A-1.13)

is the average percentage of silt-clay in the channel boundary.

Hey and Thorne (1986) considered the effect of bank vegetation on
channel geometry and found:
W = kvegQ0-50: D = 0.222037<1 (A-1.14)

where kv,„ has values of 4.33, 3.33, 2.73 and 2.34 for grassy bank
no trees or bushes and the banks covered with 1-5%, 5-50% and > 5 0 %
tree/shrub, respectively.
Eliminating discharge Q from Eqs. (A-1.13) and (A-1.14) results in:

TT/0.763

= 3 147 M - 0 , 6 3 8

YL

(A-1.15)
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In terms of (A-1.7) to (A-1.10), (A-1.15) and (A-1.16), it can be
inferred:

k'D(k'v) ~ (M, kvegf; kw ~ (M, kveg)~ (A-1.17)
According to the authors' method, kw, kD and kv in Eqs. (A-1.1) to
(A-1.3) have the relationships with kw, k'D and kv as:
k oc1c>(>ml((>m+5). , ,/-(2m+l)(3m+l)/(6m+5).
K
K
K
D
D
'
W ^ KD

>

ky oc k>[™((>m-W]/(6m+5) (A-1.18)

Hence, for 0 < m < 0.5 as suggested by them, it can be inferred fr
(A-1.17)and(A-1.18):

kD(kv) ~ (M, kvegf; kw ~ (M, ^)" (A-1.19)
Eq. (A-1.19) means that channels with a high silt-clay content or

with banks covered with trees or shrubs and hence having a high ba
strength have a smaller kw but a larger kD and kv, and vice versa.

can be seen more clearly from Eqs. (5-1) and (5-2) in this study,
the following relation can be derived:
u/0-6
w

^0.6

n-\

„-0.17

= Cw -CD -n

c0.112

-S

,K

i

o m

(A-1.2U)

Because Cw and CD are interrelated (Chapter 5), Eq. (A-1.20) can b
written as:

^•ocCi?.^17^0112
_LA

(A-1.21)
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Since the exponents of n and S are less than the exponent of Cw by
up to an order of magnitude, their influence can be ignored. A s a result,
channel shape factor W°-6/D

is inversely related to bank strength as

shown in Eqs. (5-4) and (5-7) in Chapter 5.
All these demonstrate clearly that the physical meanings of kw, kD
and kv in Eqs. (A-1.1) to (A-1.3) by Julien and Wargadalam are
consistent with those of Cw, CD and Cv (= CAl) in Eqs. (5-1) to (5-3)
established in this study.
In summary, the two sets of downstream hydraulic geometry
relations, one proposed by Julien and Wargadalam and the other
established in this study, are essentially consistent, although two different
approaches were followed in each. Since each study involved a very large
set of field observations from different sources, both sets of hydraulic
geometry relations were independently obtained and are of general
applicability and of practical use.
However, in investigating the applicability of their derived hydraulic
geometry relations, Julien and Wargadalam used Eq. (A-1.9) but did not
give a physical explanation of w h y the secondary flow equation proposed
by them can be simplified into Eq. (A-1.9). Although the discussion given
here has provided a physical rational basis for the use of Eq. (A-1.9), it is
not based on the mechanism of secondary flow. A s a consequence, the
physical mechanisms that result in this simplification need to be justified.
Furthermore, Julien and Wargadalam used the Einstein-Chien flow
resistance equation, but this equation only emphasises the influence of the
relative submergence of bed sediment on flow resistance. In reality, the
flow resistance of alluvial channels is determined by several factors, such
as channel irregularity, channel boundary sediment composition,
vegetation, and the conditions of sediment transport (e.g. C h o w , 1959).
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Because of this, it might be better to use the Manning's flow resistan
equation, for the procedure for the evaluating of the Manning's
coefficient has been well established for many practical circumstances
(e.g. Barnes, 1967). In addition, use of the Manning's flow resistance
equation means a constant m, and thus leaves only exponent p in Eqs.
(A-1.7), (A-1.9) and (A-1.10) to be determined. This can be easily solved
by applying a multivariate regression technique to the large set of field
observations collected by Julien and Wargadalam.
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APPENDIX II FARIAS' (1995) REGIME RELATIONS BASED
O N THE HYPOTHESIS OF M A X I M U M
SEDIMENT TRANSPORTING CAPACITY

Table A.2.1
Farias' (1995) original regime equations (in non-dimensional form)
Flow resistance and
sediment transport
formulas
Engelund and Hansen's
sediment transport and
flow resistance formulas

White, et al flow
resistance formula,
Acker and White
sediment transport
formula

Regime equations

0.497
P*= 0.950 d 0.068 ,--0.009
C s* Q :*

R*= 0.954

d^2l6C^022QS0.399

S* =9.166 d~*

P*= 0.016 d0.666

'S*

Q*

^-0.023

0.555

Q*
0.357
R* =1.213/-0.432
oV™ ^-0.120
Cg-""
* Q
-5*
^=0.918^°- 4 1 9 C S °* 5 2 1 (2^ 1 9 3

0.524

Brownlie's flow
resistance and sediment
transport formulas

Van Rijn's sediment
transport and flow
resistance formulas

Table A.2.1 (Cont'd)

P*= 0.202 d2253 Cs,-0.067
*
Q*
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;-o.i4i .r--o.no 0.368
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Peterson and Peterson's
sediment transport and
flow resistance formulas

Karim and Kennedy's
sediment transport and
flow resistance formulas

Note:

P*=P/d,

R*=R/d,

p* = 0.201 d2A99 c£m

Q2-520

R* =0.709 d?A3X C^011 Qi315
S* = 23.342 d°A3° C°s™

Q^213

P* =0.488 d°213 C?*M3 QS-500
R*= 0.239 d?A34 C$m
S, =

Q°3U

SA61dSmoC°s,642Q^221

S*=S/A,

A = (ys-y)/r,

d*=[gA/v2fd, Q*=Q/[gAd5f, Qs*=Qs/[gAd5f2,
CS* = C = QS*/Q*=QS/Q

Table A.2.2
Farias' (1995) regime equations (in dimensional form derived in this
study)
Flow resistance and
sediment transport
formulas
Engelund and Hansen's
sediment transport and
flow resistance formulas

Table A.2.2 (Cont'd)

Regime equations

-0.174 u£,-0.009 £)0.497
P = 0.91%d^
* C^™ Q

R = 0.055 d

-0.214 ,-,-0.022 ^yO.399
&

5 = 8 . 4 4 2 ^0.460 C 0.666 g-0.200
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White, et al flow
resistance formula,
Acker and White
sediment transport
formula

X

P = 40.919c/ 0 - 278 C-° 023 Q 0 - 555
P = 0.007J- 0 3 2 4 C- 0 1 2 0 (2 a 3 5 7
j

5 = 102.057 ^ 0 2 C0.521 Q-0.193

Brownlie's flow
resistance and sediment
transport formulas

P = 1.424c-- 0057 C-°- 067 Q 0 - 524

V a n Rijn's sediment
transport and flow
resistance formulas

P = 2.728rf- 0 - 020 C- 0050 (2 a492

Peterson and Peterson's
sediment transport and
flow resistance formulas

Karim and Kennedy's
sediment transport and
flow resistance formulas

where

g = 9.Slm/s2,

(temperature 20° C )

P = 0.084rf- 0 0 6 1 C- 0 1 1 0 (2 a 3 6 8
5 = 5.370rfO.464C0.605 g-0.225

P = 0.047^-° 0 8 0 C^ 1 3 9 (2 0 - 3 9 8
5 = 0.698 ^.372 C0.504 £-0.233

P = 0.804^101C-°104(20-520
P = 0.105J-0069C^077(2a375
5 = 124.597 ^.662 C0.779 g-0.213

P = 2.328^O37C^O4300-500
R = 0.034 ^"0086 c-0.172 Q0.381

5 = 12.805 d0-562

A = (ys - y)/y = 1.65,

M2
221
C° Q-°

v = 10~4m2/s
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APPENDIX HI: OTHER SELECTED SEDIMENT
TRANSPORT FORMULAS

A.3.1 ENGELUND AND HANSEN (1967) FORMULA
(BED MATERIAL)
This formula has a simple form of
/'0 = 05/2 (A-3.1)
where /', 0 and 0 are flow friction factor, non-dimensional bedmaterial discharge and non-dimensional shear stress or the Shields stress
defined respectively by

' ~ yV2'

0 = ,

QS 6

=r ^ w

(A 3 2)

"'

where qs is bed-material discharge per unit width, T0 is channel twodimensional shear stress (= yP5), d is median fall diameter of bedmaterial, g is gravitational acceleration, ys and y are specific weight of
sediment and water, respectively.
Since this formula was developed on the basis of the stream power
concept and some similarity principles, it strictly speaking should, in
accordance with those similarity principles, be applied to streams with a
dune bed. However, its application can be extended without serious error

Appendixes
to upper flow regime with particle sizes greater than 0.15mm (e.g.
Engelund and Hansen, 1967; A S C E Task Committee, 1982).
Substituting Eq. (A-3.2) into Eq. (A-3.1) yields

r_z_4 rr^\jL^ld)

C = 0.05

VS

RS

(A-3.3)

For a relatively wide channel, R ~ D and Eq. (A-3.3) becomes:
C=Kl{D^2S3^V1-0)

(A-3.4)

where
/_\=0.05g -i/2

7

y

(A-3.5)

7s-7{7s-7)d

or,
Ki o^d'

(A-3.6)

A.3.2 EINSTEIN-BROWN (BROWN, 1950) FORMULA
(BED LOAD)
This formula is a modification of the 1942 Einstein formula as
described in a chapter authored by Brown (1950) consisting of the
following form:

T

= 40

in which

(A-3.7)
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0=

a

(

s

1/2

7

wAl±zM,

L
3

7SF {7s-7gd )
1/2

_y 36v^
2
F=
-3 +' {7s~7) gd3 _

r

1/2

y 36 v1
{7S -y) gd3 .

(A-3.8)

where the parameter F was introduced to account for the effects of the
fall velocity of sediment and is a complex function offlowkinematic
viscosity V and sediment size d.
Eq. (A-3.7) can provide satisfactory predictions of flume sediment
discharge over a considerable range of

w<ll-H

or

7 Q -r->0.09
{7s ~ 7)d

(A-3.9)

Eq. (A-3.7) can be written as

yRS

C = 40F- 7

7S-7

(A-3.10)

L(r_-rKI/ \hzJLgd
7

For a relatively wide channel, R « D and sediment concentration can
be expressed as

(A-3.11)

C=K2(D2S3V~1)
where
-i3/2
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Thus, for unchanged temperature,
£ > oc d~3'2

(A-3.13)

A.3.3 KALINSKE-BROWN (KALINSKE, 1947; BROWN, 1950)
FORMULA (BED LOAD)
This formula is the simplified expression of Kalinske (1947) formula
by

a

s
d

7sJhlP

(A-3.14)

= 10
_{7s~7)d_

Hence,
3/2

RS

C = 10-5
7s-7

V

(A-3.15)

(r_/r-i>*J / ^{ys/y-l)gd

or simply

C=K3{D1-5S25V~1)

(A-3.16)

where
7
K3 = lOg1/2 y
7s-7{7s-7)d

(A-3.17)

K3ocd -l

(A-3.18)

Thus,
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A.3.4 K A R I M - K E N N E D Y (1990) F O R M U L A (BED M A T E R I A L )

This formula is based on regression analysis of a large set of
observations and possesses the following simple form:
0.216

V

a

= 8.680

4{7sl7-l)gd

s

(A-3.19)

7s^{7s/7-l)gd\

Thus
4.630

V

= 4.52x10-5

(A-3.20)

4{7sl7-l)gd _

:

7s^{7s/7-l)gd
Therefore,

3.630

C = 4.52 xlO" 5 5- '
7S-7

RS

V
{7sl7-^)gd _

(A-3.21)

(r./r-iy

or simply,
(A-3.22)

C=K4(D~1S°V3-63)
where
0.815

K4= 4.52 xl0"5g"L81';

(A-3.23)

7

7s-7

{7s~7)d_

or
K4 ^ d -0.815

(A-3.24)
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A.3.5 B A G N O L D (1966,1977) F O R M U L A ( S U S P E N D E D L O A D )

In terms of the stream power concept, Bagnold (1966, 1977) der
sediment transport formulas for bed-load, suspended-load and total bed
material separately, but only the formula for suspended-load is expressed
as the function of deterministic factors, applying the following form:

X±Zlqs=0.0lT0— (A-3.25)
y

co

where 0) is the average fall velocity of sediment particles.
Hence, sediment concentration can be expressed as:

c = a01^_X5I

(A-3.26)
7s-7 7s <°

or simply,
C = K5(DQSWV10)

(A-3.27)

where

K

QMJL^-

U
7s 7s~71

(A-3.28)

or
K5occo -i

(A-3.29)
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A.3.6 V E L I K A N O V (1954) F O R M U L A ( S U S P E N D E D L O A D )
Velikanov formula results from the gravitational theory of the
movement of sediments developed by Velikanov (1954) over a period of
years, starting in about 1938. Although this theory has been disputed
hotly and Velikanov was attacked quite severely, the following form of
suspended sediment transport formula, or some variation of it, has been
identified as useful for rivers both in eastern Europe and China (Chien
and Wan, 1983):

C =k —
gDco

(A-3.30)

where coefficient k is an experimentally determined constant.
Eq. (A-3.30) can also be written as:
C=K6(D~lS°V3) (A-3.31)

where
K6=—

(A-3.32)
g(0

or
K6 - co~l

(A-3.33)
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APPENDIX IV:. CHANNEL GEOMETRY RELATIONS
DERIVED IN TERMS OF SELECTED
SEDIMENT FORMULAS LISTED IN
APPFNDTY III

Because the selected sediment transport formulas list in appendix IH
have a general form of Eq. (6-3) [ C = Kt ( D W I Smi V7*3)], it is possible to

derive the following channel geometry relations by way of inco
Eq. (6-3) and flow continuity equation Q = WDV into Eqs. (5-1) t
0.5+0.156^1 -^

W = KmQ

m

D = KDiQ

m

°C

m

°

(A-4.1)

°

(A-4.2)

0.3+0.206^L -^

0362

0.8+0.362^

A = KAiC

m

m

°C

m

° Q
0^5
m

W/D = Kw/DiC °

°

(A-4.3)

0-2 _ 0-05 B_L

m

Q

°

(A-4.4)

°^ 0.2-0.362^-

V = KViCm°

Q

m

°

(A-4.5)

m0i 1

S = KSiQ m°Cm°

(A-4.6)

m 0 = m2 + 0.362m3 - 0.206m!

(A-4.7)

where

m01 = 0.3m! +0.2m3 (A-4.8)

Appendixes

XIX

The coefficients in Eqs. (A-4.1) to (A-4.6) are determined by the
following relations:

0156
t

K

Wi

K

mQ

0-156m3
mm 0

r

0-206

o

0.206m3

0.156(m1-m3)
m m0

rr

o

^
™
«

^ 0.206^-m3)

D

m0

0.l56m02
rriQ

Q3g3

n

(A-4.9)

0.206m02

m0

(A-4.10)

%Ai ~ &Wi ' ^Di

(A-4.11)

K

W/Di =KWi/KDi

(A-4.12)

Vi ~ KAi = {KWi ' KDi)

(A-4.13)

K

L
L

5i

an

w

3~mi ^02

JV ^D

(A-4.14)

where
m 0 2 = 0.738m3 - 0.383m!

(A-4.15)

The detailed channel geometry relations for each selected sediment
transport formula listed in Appendix III are shown below in Table
A.4.1.
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Table A.4.1
Channel geometry relations derived in terms of the selected sediment
transport formulas listed in Appendix HI.
Sediment transport
formula

Channel geometry relations
W = Km C-° 0 8 9 Q 0 5 3 1

Engelund and Hansen
formula for the transport
of bed material

D=*r D 1 c-° U 7 Q a 3 4 1
(Km/Km)C002iQom

W/D =

(Km-Km)-,C°™Qon*

V=

S = Ksl C0'568 Q-*m
W=Kw2C^>m0Q°™
Einstein-Brown formula
for the transport of bed
sediment

KD2C-om2Q°™

D=

v=(K lV2 •s: D2 r , C 0 1 6 2 2 0 1 3 5
Ks2C0M9Q^m

S=
u7

Kalinske-Brown formula
for the transport of bed
sediment

(Kw2/KD2)C0O22Q0m

W/D =

v

,--0.085 n0.521

W = KW3 C
U
U3 032
D=KD3C^ Q *
W/D = {KW3/KD3)C™2*Q0A93
V=

{Kw3-KD3ylC«A9*Q^

S = KS3C0M1Q-*A31

W = KWA
Karim-Kennedy formula
for the transport of bedmaterial

W/D =

£-0.103

Q0.544

(Km/KM)C°™Q™6

S = KS4ComQ-CM
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Table A.4.1 (Cont'd)

w = ^ 5 c-°- 1 1 4 «2 0 - 5 2 3
Bagnold formula for the
transport of suspended
sediment

tfD5C^151Q0-330

D =

{KW5/KD5)C°™Q0A93

W/D =

{KW5.KD5YlC0265Q0A4i

V=

5 = KS5 C a 7 3 4 Q-*A41

W = KW6 C"0-121 Q0-536
Velikanov formula for
the transport of
suspended sediment

KD6C-°A59Q034*

D =

{KW6/KD6)C°™Q0A«*

W/D =
\T

lv

V

K

v
K

-\ W6' D6)
0 774

\~l /-0.280 /-,0.116
C

5 = _r 56 c - (2-°-

232

&
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APPENDIX V: CHIEN'S (1956,1957) STUDY OF
LACEY'S REGIME THEORY

In terms of the behaviour of regime channels as observed in both
India and the U. S. A., Chien (1956, 1957) believed the following regime
relations to be more accurate for practical problem-solving:
Pw=aQl/2=2.61Qy2 (A-5.1)
= 1.325/v/? (A-5.2)

V2
R
RV3S2?3

= 0.0052/^s

(A-5.3)

where the English units are used, and Pw is the wetted perimeter of t
channel; R, the hydraulic radius of the channel; a, a constant; and fVR
and fRS, the silt factors.
In the previous study of Lacey (1929-1930):
UR =fRs=f (A-5.4)
Hence, it can be obtained from Eqs (A-5.1) to (A-5.4):
,5/3

S=

J

- w
1834.24{21/6

(A-5.5)

However, Chien (1956, 1957) argued that the silt factors fVR and fRS a
not equal, and dependent on sediment transport concentration as:

/ra=0.061(%°-715
q

(A-5.6)
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fRS=l.lS(^)0052

(A-5.7)

B y incorporating Eqs. (A-5.6) and (A-5.7) into Eqs. (A-5.1) to (A-5.3)

and flow continuity equation Q = PWRV, one can derive the followi
relations:

fgj\0.1972

S = —-2 f7g- (A-5.8)
2280.82(21/6

P = 1.2018(^)-°'2384 Q 1/3

(A-5.9)

When the channel cross-section is shallower and wider, i.e. D~R, E
(A-5.9) becomes

D «1.2018(^-)-°-2384 Q 1/3
4

(A-5.10)

